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PREFACE

The highly gratifying experiences in creating the "Encyclopedia of Chemistry," 1958, and

"Supplement," 1959, the "Encyclopedia of Spectroscopy," I960, and the "Encyclopedia of

Microscopy " 1961, inevitably have provided incentive to extend still further this Reinhold

series, which now also includes Gray's "Encyclopedia of Biological Sciences" and Susskmd's

"Encyclopedia of Electronics," with several others in process.

For a number of reasons the choice of topic for this new undertaking also was inevitable.

The year 1962 marked the semi-centennial anniversary of one of the most crucial and fruit-

ful scientific discoveries of history: the von Laue experimental proof of the diffraction of

X-rays by crystals, thus elucidating the fundamental natures both of the radiation dis-

covered by Roentgen in 1895, and of the crystalline state. This momentous experiment

opened the door to a vast new area including spectrometric analysis of elemental composi-

tion a sound basis for theories of atomic structures such as that of Neils Bohr, and diffrac-

tometric analysis of crystalline and molecular structures. The discovery was suitably com-

memorated in a great international celebration at Munich in July, 1962, together with the

concurrent publication for the International Union of Crystallography of the volume "Fifty

Years of X-Ray Diffraction" edited by P. P. Ewald. This "Encyclopedia of X-Rays and

Gamma Rays" is in itself another recognition of this discovery a half century ago, although

it extends far afield from the subject of diffraction. One of the appropriate articles, entitled

"Fifty Years of X-Ray Crystal Analysis" was written as an editorial for Endeavour by a

world-famous scientific contemporary of von Laue and the Braggs.

During forty of these fifty years it has been the good fortune of this Editor, now a retired

university professor, to witness and participate in the great sweep of progress of X-ray

science. When at last time dictates the end of active teaching and research direction ot

graduate students, the next best commanding urge to remain a student and to keep abreast

of the onrushing flood of new discoveries is to enlist the loyal aid of a great team of active

radiation workers, old and young, the experienced and the fledgling, the experts m theory

and in practice in all fields of physical, biological and medical sciences, colleagues and

friends working in the United States and 15 other nations, to create a great compendium

of widely scattered information on every facet of all the diversified branches of X-ray and

Gamma ray science. It was not too difficult for one author to write a book on X-rays m

1926 (with subsequent editions in 1932, 1940 and 1955); but in 1963 days of headlong ex-

pansion and necessary specialization it seems utterly futile for one man, or perhaps even a

dozen experts, to undertake a literary and scientific task, which only the encyclopedic idea

seems adequate to accomplish. And so the remarkable result is this Encyclopedia of more

than 350 articles, written with skill and devoted zeal by over 300 authors. So close have

been the bonds among the fraternity of contributors to this joint effort that national bound-

ary lines seem to have vanished. With very few exceptions the list of authors m the follow-

ing pages is the "Who's Who" of radiation science in the world. Each one of us is eternally

indebted to all the rest for abiding faith in this project and for the time and effort expended

in a very few months in preparing accounts of fields of radiation experience and speciahza-

tion.

Especially to be commended among members of this team of 302 are those who have

written more than one article. It is only right to list by name those who have contributed

three or more: G. D. Adams (11 basic articles), A. E. Attard, W. L. Baun, E. P. Bertm,
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K. E. Beu, R. Boiiart, E. A. Burrill, J. F. Cameron and J. F. Rhodes, G. L. Clark, T. J.

Cullen, P. Duncomb, R. L. Ferguson and M. L. Nielsen, R. J. Kofoed, P. Lublin, D. Mc-
Lachlan, P. S. Rudman, F. Schossberger, R. E. Scott, Louis Silverman, M. E. Straumanis,

S. Takahashi, S. Tsuda, J. L. White, T. B. Yee. Of course many single articles covering

topics of major size and importance are easily the equivalent of several shorter ones.

If there is any doubt concerning the amazingly wide diversity of disciplines within the

areas of X-rays and Gamma rays we have only to examine for a moment the affiliations

reflecting training, aptitudes and experience, among universities and colleges, research in-

stitutes, government agencies and industries.

Lifetime vocations are pursued by nine in colleges of medicine, and six of dentistry, in

thirteen hospitals throughout the world, in three clinics, eleven institutes of medical and
biological research including cancer, and in twelve privately operated general research in-

stitutes. Among about a hundred universities and colleges, departments represented are

Agronomy, Architecture, Biology, Biochemistry, Biophysics, Chemical Engineering, Chem-
istry (19), Dentistry, Foods and Nutrition, Geology, Geophysics and Geochemistry, Horti-

culture, Mechanical Engineering, Medicine, Metallurgy and Metallurgical Engineering,

Mineralogy, Optometry, Physics (17), Poultry Husbandry and Zoology. Among govern-

ment agencies are the great atomic energy research centers at Brookhaven, Hanford,

Los Alamos, Oak Ridge, and the United Kingdom Atomic Energy Authority; several Army,
Navy and Air Force establishments; Bureaus of Mines and Standards, Geological Survey,

National Institutes of Health, Food and Drug Administrations, Forest Products Labora-

tory and others.

The industrial laboratories in which many authors give skilled and devoted service in-

clude nearly all of the great new group where research, development and manufacture are

directed to atomistics, nuclear materials and reactors, space, missile and aeronautical, astro-

physical and astronautical projects, all vitally concerned with atomic energy and the radia-

tions covered in this Encyclopedia, and with all aspects of solid state science. The more
conventional types of industries whose scientists are authors here are alloys, automotive

materials, light elements such as beryllium and magnesium, carbons (graphite, diamond,

blacks), cement and other building materials, chemicals of many kinds, clay products,

communications, computers, electronics, electrical equipment, fluorescent materials, foods,

drugs, glass, magnetic materials, metals, pharmaceuticals, petroleum products and refining,

photographic materials, plating, polymers and plastics, pressure equipment, pulp and paper,

semiconductors and lasers, textile fibers, rubber and others.

The Editor is particularly proud of the contributions in this Encyclopedia of sixteen

former research students at the University of Illinois as a reassuring indication that teach -

ing was not in vain: E. P. Bertin, L. S. Birks, V. E. Buhrke, R. L. Burton, F. W. Cagle,

Jr., K. E. Corrigan, A. E. Eckert, Jr., R. B. Fischer, Henrietta Hayden, E. F. Kaelble,

Chia-Chen Chu Kang, W. F. Loranger, E. D. Pierron, N. C. Schieltz, Julie Yang and T. B.

Yee.

A symposium was spontaneously organized and held in connection with retirement fes-

tivities in May, 1960, to which most of these former students and others contributed. It

was the hope of the speakers to publish the proceedings as a "Festschrift", but instead the

papers pertinent to the X-ray field appear in this Encyclopedia, properly designated by a

footnote. It is a matter of regret to omit a half dozen others reporting creative work in other

areas. Surely the Editor will be forgiven for calling attention to the fact that the representa-

tive of a University Department of Architecture in the foregoing list is his son, a recognized

authority on radiation-shielding structural design—a topic here presented for the first time.

In planning and in achieving this Encyclopedia the guiding principle has been suitable
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coverage of every conceivable phase of these two radiations. Herein, it is hoped, lies part

of the unique value and distinguishing features. As in the case of the preceduig Encyclo-

pedias, the tone, the scope, and, it is hoped, the inspiration of this volume are directed

primarily to the average reader seeking information in, to him, a relatively new area o

science-the graduate student in any of the several departments mentioned, the intelligent

layman keeping abreast of the times, the industrial research worker especially of the younger

generation upon whom depends the future progress of the world, executives responsible for

decisions on installations and operations of laboratories equipped with new testing and re-

search tools. 1,1 - 4. 4^u^

At the same time, in addition to highly practical aspects, such a book must meet the

critical demands of experts, in terms of soundness and accuracy. This joint effort also would

suffer a serious deficiency if it did not give at least some glimpses of the most advanced

stages, mathematically and theoretically, of an ever widening and deepening segment of

knowledge as in McLachlan's masterly treatment of Information Theory, Bonart s Fold

(Faltungs) Integrals and the Paracrystalline State, Hauptman's Phase Problem, Rudman s

Line Breadth Analysis, Beu's and Straumanis' Lattice Parameters, and many others.

Returning to the von Laue discovery fifty years ago of diffraction of X-rays by crystals,

this resulted immediately in the birth of two of the great branches of X-ray science: spec-

trometry, the measurement of X-ray wavelengths characteristic of the chemical elements

by the use of a crystal analyzer of known diffraction grating constant; and diffractometry,

the analysis (and identification) of unknown crystal structures by the use of X-ray beams

usually of known wavelength. Today there is a nip and tuck competition between these

two techniques, although many workers including our authors are skilled m both. Ihe

Editor well remembers that at the time of writing a book on "Applied X-Rays m IJiO

there were not over fifteen crystalline structures known with any degree of certainty from

the very young science of diffractometry. In the matter of listing even m briefest form the

crystal structures of thousands of compounds from gold to deoxyribonucleic acid, from the

simplest to the most complex building plans, known today, there has been no attempt to

compete with Wyckoff's "Crystal Structures" in 5 volumes, but merely to indicate some

typical examples of the rather completely described modern techniques and interpretations

of X-ray diffraction. Similarly it would have been foolhardy to try to reproduce the very

extensive material and tables on Space Groups and other essential aids to the X-ray crystal-

lographer in the "International Tables of Crystal Structure" in three volumes edited by

Dame Kathleen Lonsdale. However, no apologies need be offered for the treatment of such

topics as textures by diffraction (particle size, strain, orientation and related measuremen s),

low angle diffraction and scattering, and all aspects of solid state physics. In five connected

articles R. E. Scott has provided an excellent evaluation of all the possible information to

be derived from X-ray diffraction as exempUfied by gold-copper alloys. On the other hand

there is a most complete coverage of X-Ray Fluorescence Spectrometry in nearly 40 articles

It is believed that extraordinarily good coverage has been provided for topics very much

in the public eye, entirely apart from spectrometry and diffractometry, such as chemical

and biological effects of radiation, dosimetry, radiation hazards and protection against

these by chemicals and by shielding, and from Hiroshima the present dispassionate and

accurate evaluation of the biological consequences upon survivors of the 194o atomic bomb-

ings of Nagasaki and Hiroshima. Also the reader will find accounts of the latest great strides

in X-ray microscopy, and of flash radiography and cineradiography at incredible speeds.

All articles are listed alphabetically under the letter corresponding to what seems to be

the key word in the title. Often there are other significant words in the title, or important

sections in the text not indicated expressly by the title. These are all appropriately listed
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with reference to the actual location of the article, in a kind of continuous running topical

index throughout the book in addition to the conventional topical index in the last pages
of the volume. Hence there should be minimum difficulty in finding the desired information.

Everlasting credit and appreciation is due first of all to this loyal and devoted team of

the world's outstanding radiation scientists. As was so clearly demonstrated in the earlier

Encyclopedias in this series, the busiest, the most distinguished and the most productive

research scientists are the ones who somehow find the time and energy to assure the com-
pletion and success of a project like this. Upon the faith, courage, devotion and cooperation

of people throughout the world like these 300 depends the present and future well-being

of life upon this earth. Again highest praise and appreciation are due to two members par-

ticularly of the publisher's staff: G. G. Hawley and Alberta Gordon for their faith, skill and
cooperation in actually producing this Encyclopedia.

Among many sources of information and illustrations in prior publications special men-
tion is due the following periodicals for permission to reproduce in essentially original form
timely and important articles: Chemical & Engineering News, Analytical Chemistry, Physics

Today, Science, Journal of Chemical Education, Endeavour, Norelco Reporter and Strahlen-

therapie.

A vast amount of credit is due my wife and family for enduring the rigors of creating an
Encyclopedia like this at a time when most Emeritus Professors are supposed to be relaxing

in the sunshine of Florida, Arizona or California.

In 1602, nearly 300 years before Roentgen's discovery of X-rays, Shakespeare in Hamlet,

Act III, Scene IV, fortuitously but prophetically used these words: "Come, come and sit

you down; you shall not budge; you go not till I set you up a glass, where you may see the

inmost part of you." In 1895 this became literally true as diagnostic radiography and
fluoroscopy. In 1963 we hope this Encyclopedia will find a place as the best "glass" of all.

George L. Clark
Urbana, Illinois

June L 1963
^^

.
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AB04 COMPOUNDS. See Radius Ratio Correlation of ABO4

Compound Structures.
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ABSORPTIOMETRY, GAMMA. See Particle Size Analysis.

ABSORPTIOMETRY (GAMMA) IN URANIUM ANALYSIS*

A gamma absorptiometer (Figs. 1 and 2) em-

ploying a 10-mg Am''^ source has been developed

for the laboratory analysis of uranium solutions.

The standard deviation for a single determination

is less than 0.15 per cent over the range 25 to 100

gm/1 U.
The instrument handles this range ot con-

centration with a 25-mm X 19-mm-diameter sam-

ple cell. The system must be standardized twice

a day to compensate for photomultiplier gain drift.

Light-element interference is low; for example,

30 gm/1 aluminum is equivalent to 1 gm/1 U.

Fission product interference, however, can be

severe because of the radiations emitted: 200 /xc/1

Cs"'-Ba^''^ produces an error of 1 per cent at

5 gm/1 U concentration.

Source and Sample Cell. Am'" was selected

as the source because of its low-energy (60-kev)

and nearly monochromatic emission and long half-

life. Ten milhgrams (30 mc) with a photon emis-

sion rate of ~ 2.8 X 10'° dpm was considered

sufficient for a high-sensitivity detector. The Am""

was prepared as Am(0H)3 and placed in an

aluminum capsule in the safe source holder shown

in Fig. 2}'
"

Glass sample cellst used with optical photom-

eters have been used. The inside dimension is

held to a tolerance of ±0.01 mm, but the outside

dimension must be ground to this tolerance to

reduce the bias between sample cells to less than

1/20 gm/1. The 25-mm cells selected have inside

diameters of 19 mm. Brass collimators, Vs in. thick,

with 16-mm holes are placed at both ends of the

sample cell to reduce the required accuracy in cell

position.

Detector System. An ion chamber is more re-

liable and a scintillation detector is more sensitive

as the absorptiometer detector. However, the

current from a lead-lined, air-filled chamber is

only 5 X 10"'^ amperes. At such a low current

level, and with damping to yield reasonable re-

sponse, the statistical fluctuation exceeds the pre-

cision desired. For better efficiency, a scintillation

* From an article in Nucleonics, 17, No. 12, 98

(1959) by permission.

t Style D, American Instrument Co., Silver

Springs, Md.

detecting system employing a Nal (Tl) crystal 2.0

cm in diameter by V2-mm thick is used. This thick-

ness, which is 1.7 half-thickness to 60-kev photons,

was selected to minimize response to any higher

energy gamma radiation. Although yielding 85

per cent detection efficiency to the source photons,

this crystal affords only about 1.4 per cent absorp-

tion of the 0.66-mev photons from Cs"'-Ba'''.

The photomultipher used was a RCA 6655 A.

Tube operation at a current gain of 10° made it

feasible to record the current directly with a high-

input-impedance potentiometric recorder, eliminat-

ing the micromicroammeter usually required.

Zero suppression, in ten 8-mv steps, was incor-

porated into a 10-mv recorder to obtain an ex-

panded scale of 90 mv with 0.05 per cent reading

accuracy, as shown in Fig. 3. In normal use, the

photomultiplier high voltage is adjusted to yield

72 mv (80 per cent of full scale with 64 mv sup-

pression) at zero concentration of uranium.

Discussion. As a first approximation, we can

assume that beam attenuation is expressed by

7//0 = e-^'mCL (1)

where h is incident gamma beam intensity, 7 is

intensity after passage through the heavy-element

solution, /xm IS the mass absorption coefficient o^f

the heavy element, C is the concentration, and L

the cell length.

If the detector error is a constant quantity for

all values of 7, it can be shown that maximum
precision will occur when the transmittance of the

solution is 1/e. However, when the detector error is

proportional to a/7, as is the case with low-level

radioactive sources, it can be shown that maximum
precision^ will occur when the transmittance of the

solution is l/e^

In practice, detector error is due to both of the

above factors in a ratio depending upon source ac-

tivity and detector system.

From eciuation (1), if

(2)

then

l/e < I/h < 1/e-

1//X,„C < L < 2/MmC. (3)

Optimum sample cell length can be selected from

equation (3) for any sample concentration. The

selection is not critical, as the curve of precision

as a function of L is nearly flat in the region de-

fined by equation (3).

The precision obtainable for a given application

of an absorptiometer is a function not only of

sample-cell length, but also of (1) source activity,

(2) detector geometry factor (solid angle -^ 47r

steradian) and efficiency, and (3) readout damping

factor.

The readout damping network shown m Fig. 3

was designed to yield a valid reading within 1 min

1
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after sample-cell insertion. However, a 2-min read-

out is used where feasible. The two-section RC
filter gives a faster readout than a single-section

filter of the same damping factor.

60-kev gamma source

30 mc

Am 241

Crystal and

photomultiplier

^Gamma detector

'Absorption cell

High voltage supply

Strip -ctiart recorder -*-

Fig. 1. Gamma absorptiometer determines solu-

tion concentration by gamma attenuation by sam-
ple cell.

Fig. 2. Absorptiometer arrangement with
lolder at bottom.

source

The precision data in Table 1 are for the 95 per

cent confidence level for each of ten determina-

tions, each reading being the average chart reading

over a 2-min period.

The precision values in per cent uranium con-

centration are calculated from the recorder out-

put data by substitution in .
•

%AC = A/ X 100

IlXmCL
(4)

which is obtained from the derivative of equation

(1).

Light-Element Interference. In many absorp-

tiometric applications, the light-element constit-

uents in the heavy-element solution can intro-

duce appreciable errors as

///o = (e-A'mlCli)(e-'^m2C2L)(...)(e-M„,„C„L) (5)

Thus, correction is required for light elements in

high concentrations. The total mass absorption co-

efficient for several elements is an average of the

mass absorption coefficient of the constituent ele-

ments, weighted in proportion to the abundance of

each element by weight.

Mass absorption coefficient data tabulated in

NBS Circular 583* can be used with equation (5)

to establish the light-element intereference, as

shown in Table 2. For precision work, the inter-

ference should be evaluated experimentally. Re-
cent data^' ^' ^ has shown the need to correct the

60-kev lead and uranium mass absorption coeffi-

cient listed in NBS-583.
Gamma Interference. The effect of the radia-

tions from natural uranium on absorption measure-

ments is negligible. However, the fission product

concentration in the sample may have a significant

effect, indicating a low apparent heavy-element

concentration. To determine the extent of this

effect, a study was made using Cs^^^-Ba^^^ as a typi-

cal gamma-emitting fission product.

The Cs^^' solution, in the standard 25-mm cell,

increased the detector response 0.37 mv/mc/liter.

This is equivalent to a —5 per cent error per

millicurie per liter Cs'^^ solution at a uranium

Type 6655
photomultiplier

Anode load end Potentiometric recorder Brown high impedance input

r-c filter '

""
'

~

model N 401 500 to 1800 v Run -standardize switch

Fig. 3. Photomultiplier-detector circuit of absorptiometer
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Table 1. Per cent Precision versus
Uranium Concentration (g/1).

I/U
Precision 0.8% 0.27%

l/e

0.20%

100

l/e2

0.23%

150

0.42% 1%

Table 2. Absorption of 60-kev Photons by
Typical Sample Constituents.

Constituent

Concentration
Mass absorption (gm/1) equiva-

coefl&cient {urn)* lent to 1 gm/1
uranium

HN03 0.186 40.3

0.189 39.7

H20 0.204 36.7

Mg 0.253 29.6

H2SO4 0.261 28.7

Al 0.270 27.8

H 0.326 23

Ca 0.648 11.6

Fe 1.20 6.3

Pb 5.32(5) 1.41

U 7.5(i) {6) 1

Pu 7.8{6) 0.96

* Taken from NBS Circular 583 unless noted otherwise.

concentration of 5 gm/liter, and about —2.5 per

cent error at 100 gm/liter uranium. Thus, for a

10-mg Am-*^ source, without compensation, and a

maximum allowable error of 1 per cent, the fission-

product tolerance is limited to 200 fic/litev or less

over the concentration range of 5 to 100 gm/liter.

This tolerance can be increased by increasing the

source activity, and thus increasing the absolute

current change per unit uranium concentration.

However, there is a practical limit to this approach,

aside from cost, since self-absorption becomes ap-

preciable, in an Am^*^ source at densities greater

than about 200 mg/cm^.
It is possible to compensate for fission product

interference by reading each sample twice—with

the source ''on" and "off"—taking the difference as

the measure of the uranium concentration. By this

means, fission product levels up to about 100 mc/
liter can be tolerated.

Plutonium Analysis. The absorptiometer can

also be applied to the analysis of plutonium solu-

tions.

Although the mass absorption coefficients for

uranium and plutonium are very nearly the same,

the gamma flux from a plutonium solution can be

quite significant for a 10-mg or smaller Am""
source. The growth of both Am"" and U^^' from
Pu^" beta and alpha decay must also be considered

for plutonium solutions that are not freshly sep-

arated.
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ABSORPTIOMETRY, X-RAY, OF OSSEOUS TISSUE

For several decades a precise, quantitative

method for measuring the mineral content of

bone, both in vivo and in vitro, has been sought

by radiologists and other investigators of the

medical sciences. Such a method would have im-

mediate applications in the diagnosis of metabolic

skeletal diseases. Considerable progress toward

this end has been accomplished with the radio-

graphic photometric work of Mack,^ Hodge," and

Stein^^ in the early 1930's, and an increasing num-
ber of investigators within the past decade.®' ^°' "• ^^

In addition to the photometric technique, methods

have been described for measuring bone density

by chemical quantitative analysis of silver in the

film emulsion,^* by use of a collimated polychro-

matic X-ray beam,®' ^'^ and by a gamma source

utilizing iridium-192.^

The seemingly simply process of determining

bone mass by X-ray absorptiometry is affected

by a myriad of complications, a number of which

are still unsolved. These complicating factors maj^

be divided into three general categories relating

to (a) the radiant beam, (b) the physical charac-

teristics of the absorbing mass, and (c) the means
of detecting the radiation transmitted by the bone.

Some of the factors in the first category which

should be listed are : beam quality as controlled

by its effective wavelength and filtration, and beam
collimation which affects the scattering coefficient.

Factors in the second category are the 7nass ab-

sorption coeijicient of the bone which is regulated

by the chemical composition of its mineral and

matrix components and the relative proportions of

these two basic components to each other, the

size and shape of the bone which affect its X-ray

attenuation as does its absorption coefficient, the

absorption accountable to sojt tissue, and the non-

homogeneity of bone architecture. This variable

becomes increasingly important as the intrinsic

sites of bone mineral concentration are sought be-

cause the degree of mineralization in microscopic

sections does not necessarily correspond with the

total mineralization of the bone. For example, in

atrophic bone diseases such as osteoporosis, the

mineral content of the bone as a whole is low in

spite of the fact that interstitial bone mineraliza-

tion in the cortical wall is often abnormallj^ high.
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Variables of the third category (type of de-

tector) also haxe a significant effect on the ap-

parent transmittance by the bone. The degree of

blackening of the emulsion silver is a useful gauge

of radiant intensity and, by simultaneously ex-

posing a calibration wedge at one or more prede-

termined ^va^elengths, the method is capable of

producing quite accurate results in spite ot such

,h-i\vb'icks as low sensitivity, sensimetric non-

Imcanlv. and numerous processing effects. Other

detectors, such as ionization chambers, Geiger

tubes, and scintillators, are capable of yielding

higher degrees of precision than X-ray emulsions

but thev are not so versatile in use. Their chief

advantages are their ability to measure lower

intensities of radiation; collimated beams may be

^^^Current techniques of X-ray absorptiometry of

osseous tissue may be divided into two classes—

in vivo determinations, and the in vitro absorp-

tiometry of specially prepared specimens. These

will be considered separately.

Prepared Specimens. Macro and Seniimicro in

vitro Methods. The fundamental assumption upon

which quantitative X-ray absorptiometry of dried

osseous tissue is based is that its organic and inor-

ganic components, having widely separated absorp-

tion coefficients within the range of wavelengths

used, will have a combined effective absorption co-

efficient in accordance with their relative concen-

trations. Fortunately the expected variations m
the ratio of the component elements of the organic

and inorganic fractions do not significantly alter

the absorption of either fraction.^'- ^' Since the ab-

sorption coefficients of the organic and inorganic

components become more widely separated with

increasing wavelength, it is desirable to use as

soft a beam as possible, while still retaining suffi-

cient energv to penetrate the bone. The earliest

bone: mineral (%)

Fig. 1. Calibration curve for human bone ash in

0.04 ml of solution.

technique used m our laboratory to measure the

organic-morganic ratio m prepared osseous tissue

utiUzed a tungsten anode tub^energized at 40

kvp an aluminum-cellulose acetate samp e holder,

and an ionization chamber to serve as a detector.

Usin<^ the per cent transmittance of measured

samples of dried, ground osseous tissue weighmg

1 to 1 5 grams the per cent inorganic content was

determined by reference to calibration curves pre-

pared from standards consisting of human bone

ash and casein with a precision of approximately

Although the macro method yielded good results

when fairly large samples were tested, the ad-

vantages of a semimicro method soon became

evident" In the subsequent analyses ot smaller

samples the mineral fraction of small pieces ot

bone was dissolved in dilute HCl, and monochro-

matic K-capture X-radiation was substituted lor

the relatively hard polychromatic tungsten beam

at 40 kvp. Iron-55 was selected because of its

characteristic K-capture X-radiation of low energy

(5 9 Kev), its relatively high activity, and because

its half life IS conveniently long (2.94 years). The

substitution of a Geiger tube for the ionization

chamber used in the macro method also mcreased

the accuracy of the measurement. As m the macro

method, the total mass absorption coefficient o

the solution of HCl and dissolved bone mineral

IS equal to the sum of the separate mass absorption

coefficients according to their weight concentra-

tions. As the amount of ash in solution vanes

therefore, equal volumes will have very difTerent

absorption characteristics under an X-ray beam.

In practice, 0.04-ml volumes of solution are taken

with a microsyringe and placed in an acryhc sam-

ple cell having a "Mylar" or cellulose tape floor

with the samples having an approximate depth ot

only one millimeter. Thicker layers of such a high-

density solution cannot be penetrated by the

beam.' Although the surface of the solution is ex-

posed to the air in the sample chamber, the eflect

of evaporation upon repeated measurements falls

well within 0.5 per cent, and the effect of source

decay does not significantly affect the results be-

cause the transmitted intensity is based upon ab-

sorption ratios of the sample and a standard

aluminum filter having a thickness of 7.4 mg/cm.

Since differences in absorption accountable to

variations in sample volumes can account for

errors of 1.2 per cent or more, two 0.04-ml samples

are analvzed routinely, and if the difference m ab-

sorption falls within 2 per cent the average value

is used. The calibration curve for human bone ash

in 0.04 ml of solution is shown in Fig. 1.

Quantitative Microradiography. In addition to

the absorptiometry of pulverized bone or bone m
solution, thin specimens of intact compact bone

can be analyzed using soft X-radiation. Because

of the extremely small size of the areas to be ex-

amined in thin sections of bone, a fine gram film

appears to be the only practical detector. Modern,

high resolution microradiographic methods permit

the precise localization of mineral concentration

in microscopic sites within the bone and, as indi-

cated by Fig. 2, density differences between m-
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dividual Haversian systems can readily be de-

tected. Since the mineral fraction of bone accounts

for practically all the X-ray absorption at 4 to 5

kilovolts, the radiographic density of a bone is re-

lated in a known manner to its total mineral con-

tent providing the thickness of the section can be

gauged accurately. This requirement can be satis-

fied by the current practice of measuring section

thickness using a vernier microscope which pro-

vides an accuracy of ±2 microns. Film grain is not

a problem because of the inherent high resolution

of such films as Eastman 649-0. This film is ex-

tremely slow to radiation exposure, however, and

is practical only for sections of 50 microns or less.

For sections of up to 200 microns the faster Kodak
High Contrast Copy Film provides good results

but with somewhat more grain. Using a specially

modified microdensitometer^ with a resolution

limit of ten microns in conjunction with a very

small aluminum step wedge radiographed under

the identical exposure conditions as the bone sec-

tion, we have found that interstitial bone density

varies with age and pathologic condition. The
range in density values expressed in terms of grams

of equivalent hydroxyapatite per cc of bone is ap-

proximately 0.9 to 1.5 for interstitial bone, while

the mineral content of Haversian bone may be

only 50 per cent that of interstitial bone. Surpris-

ingly, osteoporotic cortical bone of aged indi-

viduals has indicated a higher density than

nonpathologic bone.^^ This observed hyperminerali-

zation appears to occur in bone structures smaller

than lacunae but the exact microscopic location is

still undeterniined.

In Vivo Absorptiometry of Bone. The method
of bone absorptiometry which offers more im-

mediate value to the diagnostician involves the

radiography of bone within the hving human being.

The process introduces complexities not found in

the in vitro processes and, in spite of the fact that

its ultimate precision is somewhat lower, solutions

to all of the inherent complications are theo-

retically possible. Although a considerable number
of investigators have worked with the method at

various times during the past three decades, un-

doubtedly Mack^' "• ^ has applied the measurements

to the largest number of cases. Her method con-

sists of the photometric scanning of various bones

radiographed adjacent to a special aluminum-alloy

wedge and, by application of a number of dimen-

sional corrections, the results are presented in

terms of apatite equivalencies per cubic centimeter

of bone. The most recent device used in the proc-

ess consists of a photometric scanning unit, linear-

izing recorders to correct for sensimetric deviations

from optimum, and an integrator which yields a

value related to bone mass.

Some of the problems still under investigation

in current in vivo processes involve the absolute

determination of bone mineral. In early experi-

ments, radiographic bone density was usually re-

ported in terms of equivalent thicknesses of alumi-

num, ivory, or other calibration materials. Mack
has used the mass of SCasCPOJo-CaCOs which
absorbs the same amount of X-radiation as the

bone examined. As indicated by the previously

:^*\'*%

€

^%%t''

im

Fig. 2. Microradiography of 180-micron section

of femoral cortex illustrating varying radiographic

densities in accordance with degree of mineraliza-

tion.

described in vitro processes, however, it is possible

to express in vivo radiographic bone density in

terms of per cent mineral content since the mean
absorption coefficient is established by the mineral-

matrix ratio of the bone. The method will be

covered briefly in this section. In addition, Omnell

has suggested that by use of two different wave-

lengths of colhmated X-radiation, the absolute

amount of bone salt can be determined."

The mass of soft tissue surrounding the bone is

obviously a major source of error which, until

recently, has been largely solved by evaluating

bones covered by only thin layers of tissue. A
method first described by Jackson* and w^hich has

been used quite successfulh^ involves the immer-

sion of the body part and calibration wedge in

water during the radiographic process. Since the

absorption and scattering coefficients of water and

soft tissue are approximately equal at the wave-

length used, only the X-ray image of the wedge

and the mineral fraction of the bone are registered

on the film. Fig. 3 illustrates a lateral foot made
with the water-immersion technique, and the ab-

sorption of the soft tissue is somewhat lower than
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that of the encompassing water as a result of

subcutaneous fat.

Because quantitative measurements of the den-

sity of such bones as deeply embedded vertebrae

are needed by investigators of metabolic diseases,

the application of a suitable soft tissue correction

is essential. A method currently used in our labo-

ratory utilizes a polystyrene tank filled with water

to a depth equal to the lateral width of the patient.

The aluminum calibration wedge is suspended

within the tank at a tabletop height equivalent to

that of the patient's spine, and radiographs of

both the patient and tank are made simultane-

ously. The absorption accountable to the water

largely compensates for the errors caused by soft

tissue and bone matrix absorption, and corrections

for the thickness of bone penetrated by the beam

are obtained from anterioposterior radiographs.

Calibration curves relating X-ray aluminum

equivalency with per cent mineral content are il-

lustrated in Fig. 4. The standards were constructed

from phantoms consisting of polyethylene "ver-

tebrae" containing mixtures of pulverized bone

ash (575°C) and casein to serve as a matrix. The

calibration curves indicate that the aluminum

equivalency of a vertebra 45 mm in diameter in 27

cm of soft tissue will vary between 2 and 11 mm
when the range of mineral content is between 20

and 50 per cent. (A fresh human lumbar vertebra

normally contains about 35 per cent mineral.)

Under present conditions it is possible to determine

the mineral content of a vertebra within a prob-

able error of 7 per cent. In the case of smaller

bones of the axial skeleton the precision is some-

what better. This small error is particularly sig-

nificant since it has been generally accepted that a

30 per cent loss of bone mineral is reciuired before

it is visible to the naked eye.

Another source of error in in vivo X-ray absorp-

tiometry of bone lies in the computation of cross-

sectional dimensions of scanned areas. Certain

Fig. 3. Reproduction of radiograph m which soft

tissue absorption has been offset by immersmg body

part and calibration wedge in water durmg ex-

posure.

30 40

PER CENT MINERAL

Fig. 4. Cahbration curve showing relationship of

X-ray aluminum equivalency to per cent mineral

content of a vertebra having thickness of 45 mm.

bones present quite constant proportions in rela-

tion to their size, especially in some laboratory

animals such as the albino rat. In human beings,

however, one cannot assume that bone propor-

tionality does not vary among individuals. Radio-

graphs made at 90 degrees from the one to be eval-

uated are essential, and the areal measurement of

bone cross sections by tomography has been used

successfully in our laboratory.

In spite of the complexities of measuring the

mineral content of the human skeleton, both in

vivo and in vitro, the techniques in use today have

yielded a large quantity of valuable information

regarding the pathology of metaboHc diseases, and

to the nutritional conditions of the host. It will be

of considerable interest to observe the techniques

as they are improved, and the results which they

yield.
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ABSORPTION ANALYSIS (MONOCHROMATIC X-RAY)

Monocromatic X-ray absorption analysis offers
a versatile, accurate, rapid method for analysis of
solutions of metals ions of atomic number 26 and

higher. Advantages of the X-ray method, as de-
veloped by Peed and Dunn,* are numerous. The
matrix effect is neglible. Metal ions in aqueous,
mineral acid, or organic solutions are analyzed with
equal ease. Since the critical absorption wave-
lengths used in the monochromatic absorption
method are characteristic of particular absorbing
elements, few direct interferences are found. In
any case there will be no more than a few direct

interferences, which can usually be minimized by
choice of the absorption edge used.

Liquid samples containing percentage amounts
of impurities, with varied amounts of acids and
salts, usually need no chemical preparation prior

to analysis. Exceptionally impure solutions may
greatly increase the time required to accumulate
the desired number of X-ray counts, which results

in unfavorable counting statistics. Such samples
can be given a preliminary chemical separation
prior to analysis.

Precision of the X-ray method improves as the
concentration of the element being determined in-

creases. The limit of error at the 95 per cent con-
fidence level is ±5 to 10 per cent in the 100 to

1000 A6g/ml concentration range, but. is ±1 per
cent when the concentration is above 5000 fig/ml.

The time required for the X-ray analysis is

less than half that required for analysis by con-
ventional chemical methods. The increasing ac-

ceptance of monochromatic X-ray absorption as

an analytical tool is shown by recent reports
and literature reviews.^

The basic equipment is commerically available
and only shght modifications, as detailed by Bar-
ringer,^ are needed to convert an X-ray diffraction

unit into an absorption spectrometer.
The absorption of X-rays passing through any

material is expressed by the exponential decay
equation

:

he

where
/ = intensity of transmitted X-ray beam
/o = intensity of incident X-ra^' beam
/U. = absorption coefficient

X — path length of X-ray beam
The attenuation of an incident X-ray beam is

dependent on the number of absorbing atoms and
the mass absorption coefficient, fi/p2 where p is the
density, which is a function of the wavelength and
atomic number of the absorber. The binding energy
of electrons in a given energy level increases with
increasing atomic number, and the critical absorp-
tion wavelength decreases ; thus the critical absorp-
tion wavelengths are characteristic of a particular

absorbing element. Since the mass absorption co-

efficient of an element is independent of the physi-
cal state of the element, it is used for the anah'sis

rather than linear absorption coefficients which are

dependent on the density of the absorber.

A mathematical expression has been derived
which relates the concentration of an element in a
solution to the absorbance of the incident X-ray
beam bj- the element.
X-ray absorption follows the usual exponential

law at a given wavelength

:



ABSORPTION ANALYSIS, OF THORIUM 8

I/h = e

•Z2

ci)r(S)..
C2+-

where I is the path length of the absorber,

7o and I are the incident and emergent X-ray beam

intensities, Ux is the absorption coefficient of an

element with concentration Ci , and U2C2 is the

absorption coefficient and concentration of a sec-

ond element. If it is assumed that the sample

consists of two components, the element under

analysis (a) and a summation of all other im-

purities, (b) it follows that:

bCb

b

Because the composition of the sample does not

change during analysis, we may substitute for the

impurity expression:^

cZ'^X"

When appropriate equations are written for two

wavelengths (Xi, ^2) and the time required to col-

lect a preset number of transmitted X-ray counts

is used as a measure of X-ray intensity, the follow-

ing equation may be derived

:

tS2

Ki log -^ - K2 log -=-

tWi tWz

where

and

Ki =
X2"

(>-fe),--fe).

K2
Xi«

X2'

fe).-KA
The equation, where tsi and tS2 refer to the sample

count times at Xi and X2 , respectively, corrected

for counter resolving time, and twi and tW2 refer

to the corrected distilled water count times at Xi

and X2 , is utilized for the determination in sam-

ples. The equation is valid whenever there is no

impurity absorption edge near the absorption edge

being measured. The Ki and K2 values are func-

tions of the wavelengths Xi and X2 and the

absorption coefficient of the element at these wave-

lengths, and are not related to the element con-

centration. Since the coefficient n is not well

known, the Ki and Ko values are determined using

standard solutions, at least one of which contains

added impurities. They are counted at Xi and X2

,

and the Zi and K2 values are obtained by solving

the two absorption equations simultaneously. Im-

purities frequently used are iron, calcium, and

aluminum, added as nitrates to the standard ni-

trate solutions. Of the possible absorption limits,

K, L, and M, the Lm absorption edge is chosen

for heavy elements. The more than 100 kev X-rays

required for a heavy element K absorption edge

are not available with presently available equip-

ment ; whereas the 10 to 30 kev required for Lm
edges'is easily obtained. The absorption coefficients

for the Li and Ln edges are less sensitive than that

for the Lm edge. The M absorption edges, because

of the longer wavelength X-rays, would be more

stronglv absorbed by the sample solvent. The K
absorption edge is used for elements requiring less

than 35 kev.

As the energy of the incident X-ray beam be-

comes just sufficient to eject an electron of the

element to be determined from its level, the ab-

sorption of the beam increases. As the energy of

the beam decreases at higher 2d angles, the beam

can no longer eject the electron, and absorption

decreases abruptly. From a plot of goniometer

setting in degrees 28 versus time to accumulate

the preset counts, the Xi and X2 values in degrees

26 are experimentally obtained for the determma-

tion. Measurements are taken at this Xi and X2

on each side of the absorption edge, and used to

calculate the concentration of the unknown sam-

ples.
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ABSORPTION ANALYSIS, MONOCHROMATIC X-RAY, OF

THORIUM* t

A monochromatic X-ray absorption analysis for

thorium in many sample types is independent of the

matrix effects usually associated with X-ray emis-

sion analysis. Thorium may be directly determined

in liquid samples containing percentage quantities

of impurity elements in concentration ranges of 100

to 15,000 Atg of thorium per ml. SoHd samples may

be analyzed by this technique after dissolution.

Lead and uranium in concentrations of 5000 /xg/ml.

do not interfere; however, bismuth and strontium

do and a tri-n-butyl phosphate (TBP) liquid-liquid

extraction of the thorium to eliminate these inter-

ferences is described. The limit of error for a single

analysis at the 95 per cent confidence level is

* See preceding article "Absorption Analysis,

Monochromatic X-Ray" by same author

t Resume of extended paper in Anal. Chem., 6Z,

1090(1960).
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±2.8 per cent for 2000 fig of thorium per ml of solu-

tion. The intensity of the transmitted X-ray beam
taken at wave-lengths on each side of the ThLni ab-

sorption edge is used to measure the thorium con-

centration. Duplicate thorium determinations on

liquid samples may be completed within 25 minutes.

J. H. Stewart, Jr.

ABSORPTION COEFFICIENTS (MASS); EMPIRICAL DETER-

MINATION BETWEEN 1 AND 50kev

The ratio of the energy dissipated by a mono-
chromatic beam of X-rays through matter is

usually expressed as

I/Io = e-^'p'' (1)

where h is the incident beam, / the transmitted

beam, and where fi is the mass absorption coeffi-

cient of the absorber, p its density and x its thick-

ness.

The mass absorption coefficient is usually con-

sidered as independent of the physical or chemical

state of the material. When a photon of the X-ray
beam interacts with an atom of the absorber two
main events can occur. First, its energy can be
transformed into kinetic energy of an orbital elec-

tron which is expelled from the atom : this fraction

of electromagnetic energy thus removed from the

incident beam is called photoelectric absorption

or ''true" absorption. Secondly, the photon can be
deflected from its original path after collision with
the atom with a modification of its original energy
called incoherent or Compton scattering, or with
no modification of its energy thus called coherent

or Rayleigh scattering.

The contribution of the scattering process to the

total coefficient is almost negligible as compared
to that of the photoelectric absorption in the range
of wavelengths used in X-ray spectrography. The
predominance of the latter in the total absorption
is well substantiated by experimental values if

they are plotted as a function of the wavelength
or of the atomic number. The curves thus obtained
show a series of discontinuities called "critical ab-
sorption edges" which correspond to the minimum
energy necessary for the photons to eject the elec-

trons from their so-called K, L, M, . . . etc. orbits,

respectively.

Strictly speaking, there is no simple law relating

the three variables between absorption edges. The
earliest attempts made before 1935 by several sci-

entists to derive predictable equations have been
reviewed by Compton and Allison.^ The progress
made since in the investigation of the electrody-
namic processes taking place in the atom has re-

stricted the probability of arbitrary assumptions
for deriving such equations. For detailed biblio-

graphic notes and discussions related to these proc-
esses and their degree of importance when con-
sidered in the theoretical calculation of absorption
coefficients, see Clark,^ Hall,^ Victoreen,* Fano,^
Grodstein® and Berger.^ For tables covering larger

ranges of wavelengths and elements, see Allen,®

the International Tables^ and Liebhafsky.^" Allen's

values are strictly experimental while those of the

last two have been derived by interpolation and

extrapolation. It must be realized that a great

variety of equipment and procedures were used

over many years by several observers for the de-

termination of the absorption coefficients. More-
over, the assumptions made by the various authors

for deriving theoretical expressions are not always

fully justified since they yield, in many cases,

values which fall within different ranges of dis-

continuities when plotted as a function of X or as a

function of Z separately.

A complete set of experimental data will even-

tually be obtained with modern equipment along

with a definite agreement between atomic physi-

cists as to the correct values which should be used

in practical problems. In the meantime, the X-ray
analyst engaged in applied research is in a great

need to derive this fundamental value for all

elements and for the range of wavelengths usually

met in practice in a simple manner and with an

approximation matching at least that of the aver-

aged known data. This would apply particularly

to the field of X-ray spectrochemical analysis. In

this case, with a tungsten target operated at the

most commonly used peak voltage of 50 KV, the

useful range of wavelengths extends from 0.38438

to 9.869A for the Ka radiations of barium and

magnesium, respectively.

In 1961, Leroux^^ presented a method for the

evaluation of mass absorption coefficients by em-
pirical equations and graphs, the basic principles

of which and also its limitations will now be dis-

cussed. Basically this method was derived under

the assumption that one should expect from the

ensemble of all the available data a structure

which would reflect more harmoniously the pe-

riodicity usually found in related atomic phe-

nomena. Such a structure is conceivable graphically

if its components, such as straight lines relating fi

to X within two discontinuities, could also be re-

lated to each other at both ends by continuous

lines plotted from experimental data of known
high accuracy. These experimental data which are

referred to for shaping in its final form on logarith-

mic paper the structure of the graph relating /ul, X

and Z together, are those relating the atomic num-
ber to the excitation potential E and to corre-

sponding absorption edges at all energy levels of

the atom. The most rehable values of minimum
excitation potentials (called also critical X-ray
absorption energies) and corresponding absorption

edges have been published in the last years.^'
^^

When the excitation potential is plotted as a func-

tion of the atomic number on logarithmic paper

(Moseley diagram), one finds a linear relationship

for a large range of atomic numbers. With de-

creasing values of Z, the curves obtained escape

somewhat from the linearity; however they show
no discontinuities or significant points of inflection.

The continuity, found in the curves relating E
to Z is, to a certain extent, duplicated as in Fig. 1,

by the absorption edge lines K and La joining the
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Fig.

MASS ABSORPTION COEFFICIENT

1. Relationship between ^l, X and Z from K to Li absorption edges

terminal values of the partially straight lines re-

lating fx, \ and Z. In fact, one must note on this

figure that the Z numbers decrease smoothly with

the increasing values of the absorption edges, that

is, with the decreasing values of E, since both

quantities are related in the classical expression

E = 12396/\.

As explained in reference 11, by plotting experi-

mental and theoretical values from all available

sources for the range of interest in X-ray spec-

trography, a series of graphs similar to that shown

in Fig. 1 was obtained for all energy levels from

K to N. By methods of best fit values it was found

that between two energy levels the absorption co-

efficient varies, to a great extent, with the wave-

length according to the empirical law

M = CX- (2)

In this expression, n is numerically equal to the

slope of the family of parallel lines thus obtained

for all atomic numbers, and it takes different

values at critical energy levels.

Use of Table 1 and Graph Construction. In

Table 1 are listed the values for the constant C and

the power n to be assigned in empirical Equation

2 for finding the approximate value of the mass

absorption coefficient for all elements (except hy-

drogen), and wavelengths between 0.17837 and lOA.

By using a slide rule, the value of the mass ab-

sorption coefficient can be calculated in a few sec-

onds when Equation 2 applies. As an example, let

us derive the absorption coefficient of mercury for

the K^, radiation (0.93087A) of bromine. The

atomic number of mercury is 80. The bromine

radiation falls between the Lo and Ls absorption

edges of mercury. From Table 1 the C value be-

tween these two edges is 176.77, and the exponent

is 2.5825. The equation to be used is therefore

= 176.77 X 0.93087' 147

The data obtained from Table 1 for this case

have been listed on Table 2 with additional ex-

amples.

Alternatively, the plotting of all the values of /a

as a function of X for any element can be quickly

obtained on a 2 X 4 cycles logarithmic paper by

referring to the values oi C,n and arc tan n fisted

on Table 1. Since /x = C for X = 1 in Equation 2,

this particular value can be used as a point of ref-

erence for tracing the straight line (or its ex-

tension) at the appropriate angle. Graphs obtained

by this procedure in the cases of He, Be, C, 0, S, Sn,

Zn and Hg are illustrated on Fig. 2. In order to

complete the graphical representation of /* as a

function of X and Z in the range of values where

Equation 2 does not apply (that is for /x < 1)

there have been traced on Fig. 3 corresponding

absorption lines computed from averaged known

data. A close approximation for intermediate

values can be easily obtained by interpolation.

Limits of Precision.

(1) X < i^

In this region, the equation holds for ix > I and

X > 0.3A within 5 per cent of the averaged published

data. However, a correction for the curvature

similar to that found for Zn in Fig. 2 should be

given in the neighbourhood of the absorption

edges. This correction might be of the order of

minus 15 per cent at the absorption edges, and is

necessary when the more complex derivation of
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Table 1

Table of values for the constant C and the power n to be assigned to the empirical equation ^ = C\"
for finding value of mass absorption coefficient above unity for all elements (except hydrogen) and for

all wavelengths between 0.17837 and 10 A.

z El C K C Wavelength Range n Arc tan n
(Degrees)

2 He 0.195 \ < K 2.83 70 ° .534

3 Li 0.295 K <\ < L 1 2.6628 69 ° .416

4 Be 0.475 Li <\ < L 2 2.6865 69 ° .583

5 B 0.83 Lo < X < Z 3 2.5825 68 ° .834

6 C 1.55 Ls < X < Ml 2.5065 68 ° .25

7 N 2.4 Ml < X < Mo 2.328 65 ° .867

8 3.52 M2 < X < M3 2.1785 65 ° .34

9 F 5.0 M3 < X < M4 2.11 64 ° .634

10 Ne 6.9 M4 < X < M5 2.261 66 ° .133

11 Na 8.9 Rh < X < A^ 2.2199 65 ° .75

12 Mg 11.40 9.5112 0.79

13 Al 14.30 7.951 1.10

14 Si 17.80 6.7446 1.50

15 P 21.70 5.7866 2.0

16 s 26.30 5.0182 2.60

17 CI 31.20 4.3969 3.38

18 Ar 37.20 3.87068 4.08

19 K 43.0 3.43645 4.90

20 Ca 49.0 3.07016 5.85

21 Sc 56.28 2.7572 6.74

22 Ti 63.387 2.4973 7.72
/

23 V 71.122 2.2690 8.78

24 Cr 79.41 2.0701 9.94

25 Mn 88.23 1.8964 11.19 \

26 Fe 97.61 1.7433 12.54

27 Co 107.55 1.6081 13.99

28 Ni 118.10 1.4880 15.55 Li c 1,2 C Z,3 c

29 Cu 129.20 1.3804 17.22

30 Zn 141.03 1.2833 19.0 10.330 11.52

31 Ga 153.54 1.1957 20.90 9.535 12.77 10.6130 11.56 10.8546

32 Ge 166.70 1.1165 22.91 8.729 14.10 9.9646 12.66 10.2277

33 As 180.50 1.0450 25.05 8.107 15.53 9.1281 13.83 9.3767 6.11

34 Se 195.03 0.97978 27.37 7.467 17.05 8.4212 15.07 8.6624 6.55

35 Br 210.36 0.91994 29.73 6.925 18.67 7.7523 16.39 7.9871 7.10

36 Kr 226.37 0.86546 32.26 6.456 20.39 7.1653 17.77 7.4227 7.55

37 Rb 243.13 0.81549 34.93 6.006 22.22 6.6538 19.23 6.8752 8.01

38 Sr 260.61 0.76969 37.74 5.604 24.16 6.1856 20.76 6.3996 8.50

39 Y 278.83 0.72762 40.70 5.19312 26.21 5.70981 22.37 5.91412 9.03

40 Zr 297.82 0.68877 43.81 4.89380 28.37 5.37088 24.06 5.57374 9.70

41 Nb 317.56 0.65291 47.06 4.59111 30.65 5.02472 25.83 5.22596 10.25

42 Mo 338.07 0.61977 50.48 4.32066 33.06 4.71330 27.69 4.90930 10.75

43 Tc 359.48 0.58888 54.04 4.06426 35.59 4.42714 29.63 4.62537 11.36

44 Ru 381.48 0.56047 57.78 3.84133 38.25 4.17654 31.65 4.36632 12.05

45 Rh 404.52 0.53378 61.67 3.64159 41.04 3.94902 33.77 4.13889 12.08

46 Pd 428.12 0.50915 65.74 3.42999 43.96 3.71360 35.97 3.89688 13.45

47 Ag 452.94 0.48582 69.98 3.23824 47.03 3.49478 38.27 3.67288 14.30

48 Cd 478.56 0.46408 74.39 3.08434 50.23 3.32243 40.66 3.50070 15.0

49 In 504.71 0.44397 78.98 2.93327 53.59 3.15500 43.14 3.32154 15.95

50 Sn 532.36 0.42468 83.75 2.78875 57.09 2.99492 45.73 3.16952 16.75
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Table 1

—

Continued

z El c A' C ii C L2 C Lz C

51 Sb 560.90 0.40663 88.71 2.63296 60.74 2.82304 48.41 2.99637 17.85

52 Te 590.24 0.38972 93.85 2.50272 64.55 2.68252 51.17 2.85162 18.93

53 I 628.00 0.37379 99.19 2.38982 68.53 2.55324 54.07 2.71901 20.0

54 Xe 651.81 0.35849 104.72 2.27449 72.66 2.43058 57.06 2.59330 21.2

55 Cs 683.94 0.34473 110.46 2.17245 76.96 2.31268 60.15 2.47227 22.47

56 Ba 717.20 0.33137 116.39 2.08336 81.43 2.20216 63.35 2.36114 23.85

57 La 752.38 0.31842 122.53 1.97892 86.07 2.10030 66.66 2.25792 25.0

58 Ce 787.75 0.30647 128.88 1.89078 90.89 2.00940 70.08 2.16410 26.4

59 Pr 824.10 0.29517 135.44 1.81307 95.89 1.92305 73.61 2.07707 28.0

60 Nd 861.36 0.28451 142.21 1.73759 101.08 1.84244 77.26 1.99452 29.55

61 Pm 900.18 0.27425 149.21 1.66837 106.45 1.76581 81.02 1.91888 31.0

62 Sm 939.70 0.26462 156.42 1.60113 112.01 1.69436 84.90 1.84464 32.9

63 Eu 980.05 0.25552 163.86 1.53815 117.77 1.62591 88.90 1.77491 34.87

64 Gd 1021.8 0.24680 171.53 1.47870 123.73 1.56081 93.02 1.70955 36.8

65 Tb 1065.2 0.23840 179.43 1.42270 129.89 1.50108 97.29 1.64840 38.55

66 Dy
Ho

1109.4 0.23046 187.57 1.36926 136.29 1.44357 101.63 1.59025 40.75

67 1154.8 0.22290 195.93 1.31942 142.83 1.38999 106.13 1.53529 42.5

68 Er 1201.6 0.21565 204.56 1.27086 149.62 1.33721 110.75 1.48242 45.1

69 Tm 1248.3 0.2089 213.42 1.22708 156.62 1.28856 115.50 1.43140 47.5

70 Yb 1297.9 0.20223 222.53 1.18136 163.85 1.24146 120.39 1.38518 50.0

71 Lu 1349.0 0.19584 231.88 1 . 14007 171.29 1.19745 125.40 1.34039 52.4

72 Hf 1400.6 0.18981 241.49 1.09864 178.96 1.15311 130.55 1.29570 55.0

73 Ta 1454.6 0.18393 251 . 19 1.06084 186.87 1.11264 135.83 1.25427 57.75

74 W 1509.2 0.17837 261.49 1.02497 195.01 1.07436 141.25 1.21529 60.3

75 Re 271.89 0.99009 203.38 1.03645 146.81 1 . 17720 63.15

76 Os 282.55 0.95574 212.00 1.00129 152.51 1.14143 66.05

77 Ir 293.48 0.92425 220.87 0.96700 158.36 1 . 10599 69.2

78 Pt 304.69 0.89405 229.97 0.93484 164.35 1.07306 72.1

79 Au 316.19 0.86378 239.35 0.90277 170.33 1.04028 75.40

80 Hg
Tl

327.94 0.83531 248.97 0.87790 176.77 1.00944 79.0

81 340.00 0.80787 258.86 0.84355 183.21 0.97968 82.3

82 Pb 352.32 0.78153 268.99 0.81552 189.78 0.95112 85.5

83 Bi 364.95 0.75649 279.41 0.78910 196.52 0.92459 89.6

84 Po 377.84 0.73219 290.09 0.76377 203.41 0.89761 93.1

85 At 391.07 0.70915 301.05 0.73873 210.46 0.87234 97.2

86 Rn 404.58 0.68675 312.29 0.71529 217.66 0.84845 102.0

87 Fr 418.40 0.66537 323.81 0.69290 225.02 0.82529 106.0

88 Ra 432.51 0.64461 335.61 0.67144 232.54 0.80284 110.0

89 Ac 446.95 0.62479 347.72 0.65002 240.23 0.78158 114.9

90 Th 461.68 0.60610 360.10 0.63010 248.07 0.76151 119.5

91 Pa 476.73 0.58748 372.78 0.61064 256.08 0.74138 124.0

92 u 492.23 0.56974 400.0 0.59186 264.26 0.72225 128.5

93 Np
Pu

507.81 0.55314 410.0 0.57415 272.61 0.70391 134.0

94 523.84 0.53662 420.0 0.55712 281.14 0.68637 138.5

95 Am 540.18 0.52084 441.0 0.54036 289.81 0.66932 144.0

96 Cm 556.86 0.50595 455.0 0.52458 298.68 0.65276 149.5

97 Bk 573.88 0.49131 470.0 0.50928 307.72 0.63667 154.5

98 Cf 591.25 0.47713 478.0 0.49445 316.95 0.62135 160.5

99 Es 608.94 0.46357 505.0 0.48009 326.36 0.60645 166.0

100 Fm 626.96 0.45059 528.0 0.46654 335.91 0.59225 172.0
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Table 1

—

Continued

z Ml c
Mt C

55 10.202 21.217

56

57

9.557

9.042

22.275

23.460

10.845

10.321

20.603

21.702

M3 c

58 8.614 24.689 9.692 22.840 10.408 18.679

59 8.188 25.958 9.258 24.016 9.957 19.612

60 7.831 27.269 8.773 25.231 9.499 20.576

61 7.513 28.625

30.022

8.376

8.023

26.487

27.782

9.115

8.705

21.571

22.596

Mi C Ms C

62 7.178

63 6.856 31.465 7.642 29.119 8.331 23.652 10.604 14.50 10.893 10.915

64 6.566 32.952 7.322 30.498 7.997 24.740 10.111 15.02 10.408 11.477

65 6.292 34.485 7.011 31.918 7.685 25.859 9.692 15.75 9.957 12.058

66 6.088 36.063 6.715 33.382 7.383 27.011 9.258 16.45 9.528 12.659

67 5.820 37.690 6.453 34.889 7.128 28.195 8.899 17.00 9.155 13.281

68 5.581 39.365 6.179 36.443 6.834 29.415 8.508 17.70 8.773 13.924

69 5.366 41.087 5.931 38.039 6.559 30.667 8.155 18.40 8.433 14.587

70 5.161 42.859 5.686 39.681 6.331 31.953 7.836 19.10 8.086 15.271

71 4.972 44.680 5.475 41.369 6.112 33.274 7.545 19.80 7.777 15.978

72 4.753 46.549 5.211 43.103 5.861 34.628 7.190 20.50 7.427 16.706

73 4.569 48.471 5.015 44.885 5.637 36.019 6.898 21.30 7.128 17.457

74 4.405 50.444 4.823 46.716 5.451 37.445 6.640 22.10 6.871 18.230

75 4.231 52.470 4.625 48.593 5.253 38.908 6.357 23.00 6.594 19.028

76 4.064 54.549 4.443 50.521 5.060 40.407 6.106 23.85 6.357 19.848

77 3.915 56.681 4.273 52.500 4.873 41.944 5.880 24.60 6.094 20.693

78 3.774 58.866 4.114 54.525 4.710 43.517 5.665 25.50 5.880 21.561

79 3.620 61.110 3.939 56.609 4.522 45.131 5.415 26.45 5.629 22.456

80 3.482 .63.404 3.779 58.737 4.349 46.780 5.28* 27.15 5.413 23.374

81 3.349 65.760 3.632 60.921 4.201 48.471 4.998 28.15 5.200 24.319

82 3.218 68.167 3.484 63.154 4.042 50.196 4.797 29.00 4.994 25.288

83 3.099 70.635 3.355 65.446 3.902 51.965 4.612 30.00 4.808 26.285

84 2.987 73.160 3.228 67.787 3.768 53.773 4.443 31.00 4.625 27.308

85 2.876 75.744 3.099 70.186 3.635 55.620 4.274 31.95 4.459 38.358

86 2.767 78.888 2.987

2.876

72.638

75.097

3.512

3.387

57.510

59.439

4.118

3.960

33.10

34.00

4.304

4.146

29.435

30.540

Ni

87 2.672 81 . 090

88 2.577 83.854 2.773 77.712 3.279 61.409 3.826 35.00 4.012 31.672 10.330

89 2.484 86.680 2.672 80.336 3.170 63.422 3.689 36.10 3.874 32.835 9.917

90 2.401 89.568 2.577 83.014 3.080 65.477 3.573 37.10 3.745 34.025 9.492

91 2.313 92.518 2.479 84.0 2.980 67.576 3.443 38.20 3.614 35.245 9.048

92 2.235 95.534 2.394 85.0 2.882 69.718 3.30 39.30 3.496 36.496 8.614

93 2.160 98.608 2.313 88.2 2.798 71.902 3.220 40.50 3.387 37.774 8.264

94 2.090 101.75 2.229 90.0 2.718 74.135 3.114 41.85 3.279 39.085 7.946

95 2.019 104.96 2.156 93.0 2.637 76.405 3.016 42.95 3.178 40.425 7.605

96 1.955 108.23 2.083 97.5 2.561 78.724 2.924 44.00 3.084 41.797 7.292

97 1.893 111.57 2.012 98.5 2.484 81.088 2.830 45.15 2.987 43.202 7.003

98 1.831 114.98 1.946 101.0 2.416 83.500 2.749 46.80 2.896 44.639 6.737

99 1.773 118.46 1.884 104.5 2.348 85.956 2.666 47.90 2.811 46.107 6.490

100 1.717 126.0 1.820 108.0 2.287 88.456 2.583 49.00 2.730 47.607 6.229

* Interpolated graphically.

the atomic energy state must be considered at the

critical energy levels,

(2)i^<X<Li

Values obtained in this region agree with an
approximation of 5 per cent as a whole, although

the values calculated for atomic numbers larger

than 82 are more speculative due to the lack of

experimental data. The same remarks apph' here

as in the preceding with regard to the correction

involved in the vicinity of the absorption edges.

(3) Li < \ < L2 and Lo < \ < Ls

Due to the extremely short ranges of wave-

lengths found between discontinuities in these re-

gions the assignment of a common slope for all

atomic numbers is more arbitrary. Despite this

fact, by the graphical method outlined above, one

finds that the few available data agree with an

average of 8 per cent when compared to the values

obtained here.

(4) L3 < X < Ml

The remarks concerning the A'

applj^ equallj' in this case.

Li region
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Table 2

Radiation X Absorber Edges Range c n M

La/vai 0.36996 Zn oo-K 141.03 2.83 8.46

Moivai 0.70783 F 00 -K 5.0 2.83 1.875

CuKai 1.5374 oo-K 3.52 2.83 11.83

AgKai
CuKai

0.55824 Ag K-Li 69.98 2.6628 14.69

1.5374 Nd K-Li 142.21 2.6628 4461

Ni/vai 1.6545 Nd K-Li 142.21 2.6628 5462

Caivai 3.3517 Sr K-U 37.74 2.6628 944

BrK^i 0.93087 Hg L2-L, 176.77 2.5825 147

FeKai 1.9321 W U-M, 60.3 2.5065 314

Cd-Lai 3.9478 Pb Mo-Ms 63.154 2.1785 1238

Caivo!! 3.0834 U Mz-M, 69.718 2.11 753

A\Ka 8.320 Pt ' M,-N, 21.561 2.2199 2361

(1) 446 — 6% = 419.24 (average of published data).*

(2)546 - 11% = 485.9 (average of published data).*
j . j • n717^Q4^

* Corrections made for values approaching the Li absorption edge of neodymium (1.7^759A).

—
ICf

— 6

O "

8-

o ^

CL
cr ,0

O 8

OQ ^

<

2 .4 .6 .8 I .2 .4 .6 .8 I

WAVELENGTH. A
2 .4 .6 .8 .2 .4 .6 .8 I 2 4 6 8 10

Fig. 2. Variation of /. as a function of Z for Zn, Sn, Hg, S, O, C, Be and He. The white

circles are values of fi equal to C for X = 1 in Equation 2.

(5) MiioM,

The remarks concerning the L regions apply

here, although the values obtained for wavelengths

longer than 3A are more speculative due to the

scarcity of the pubhshed experimental data for this

range of wavelengths.

(6) M. < X < iVi

In this region which involves elements with

atomic numbers ranging from 65 to 100 and wave-

lengths above 3A, only the sets of pubhshed values

which could satisfy the assumption that the ter-

minal values should lie along a smooth line as in the
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Z->20 16 1210 8 6 5 4 3

UJ

o

UJ
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o
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CO
m
<

WAVELENGTH, A
Fig. 3. Relationship between fx, \ and Z for values of /ut smaller than unity

Moseley diagram were selected to establish the

final structure of the graph and the corresponding

values C and n to fit Eciuation 2. In such a case

the degree of precision is difficult to evaluate for

any specific calculated values. However, the

method only permits here to evaluate with some
degree of certainty the order of magnitude of the

absorption coefficients. For instance, the values
would be in the range of 600, 1000 and 2500 for

atomic numbers 100, 80 and 70 and for wave-
lengths of 3, 5.5 and lOA, respectively.
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ABSORPTION EDGE ANALYSIS

The Method. The X-ray absorption edge

method of analysis uses the continuous or white

X-ray radiation emitted by an X-ray tube. These

X-rays pass through the sample and are analyzed

by a conventional crystal-goniometer arrangement.

The absorption coefficient of an element undergoes

abrupt changes at the excitation potential of the

K spectrum and at the three excitation potentials

of the L spectrum. These abrupt changes are re-

ferred to as the absorption edges of the element.

(These are the only absorption edges that are

used for routine analyses.) The position of each

edge is different for each element; the magnitude

of the break is a function of how much of the ele-

ment is present. By determining the transmitted

X-ray intensity on both sides of the absorption

edge, it is possible to make a quantitative deter-

mination of the element.

A typical X-ray absorption curve near the ab-

sorption edge of an element is shown by the solid

line CD in Fig. 1. The absorption edge is quite

sharp, being, theoretically, almost a vertical line

(see dotted line at X^ in Fig. 1) . However, with the

slits normally used to obtain high counting rates,

the edge is spread out as shown by the solid line

CD in Fig. 1. After the element whose absorption

edge is at X^ has been removed, a curve similar

to AB in Fig. 1 will be obtained.

One of the most outstanding advantages of this

method is its relative freedom from interferences.

The only serious interferences occur when there is

a direct overlapping of absorption edges or when
the absorption edge of the element being analyzed

falls very near the short wavelength side of the

absorption edge of one of the contaminating ele-

ments. This occurs in only a few cases. When there

is a direct overlapping of absorption edges, it is

usually possible to determine one of the constitu-

ents by using another absorption edge: the re-

maining constituent can then be determined by

difference. If the absorption edge of the element

being analyzed falls just on the short wavelength

side of an absorption edge of one of the contam-

inating elements, a correction can be applied to

the data, or the contaminating element can be

removed chemically. There are other interfer-

ences, but they are of low magnitude and usually

can be eliminated or corrected. The parameters

for the determination of a given element can be

used over a wide range of matrix compositions.

This eliminates or minimizes development work

needed for determining a given element in a new

type of sample. Small amounts of solution (0.2 to

2 ml) are used. This is an advantage when there

is only a small amount of material or when it is

best to use a small sample, as in the case of radio-

active material. The sample is not contaminated

or consumed during the analysis. As with X-ray

fluorescence, a number of elements can be deter-

mined in the same solution. Preliminary investiga-

tions indicate that elements from Cr up in the

periodic table can be determined without using

special atmospheres. If powdered samples and a

helium atmosphere were used, lower atomic num-

ber elements could be determined.

X-ray absorption shares with X-ray fluorescence

the disadvantage that elements of very low atomic

number cannot be determined. Excellent stability

of all mechanical and electrical components is

required.

Fine Structure of the Absorption Edge. The

absorption edge appears to be a smooth line when

observed with the relatively wide slits normally

used with the absorption-edge method of analysis.

However, when observed with very fine slits and

a high resolving power crystal, it is seen to have

a fine structure. This fine structure is determined

by the chemical composition of the sample and

can sometimes be used to determine the chemical

composition of the sample. Under some conditions

it can be used to determine the bonding energy in

crystals. Compton and Allison^ say the fine struc-

ture may be extended back as much as 200 v from

the short wavelength side of the absorption edge.

Equations. The basic equation for X-ray ab-

sorption is

/ = 7o exp (—^ iirnilCi)

^^--^_^I ',

1

1

"'1~~T

1

1

1

1

1

1

1

, 1

1

1

1

1

-L____
1

1

- F

A 1 A p A
2

Fig. 1. X-Ray absorption curves

where / is the X-ray intensity after passmg

through the sample, lo is the incident intensity,

ixm is the mass absorption coefficient, I is the cell

thickness and C is the concentration of the ele-

ment. ZfMrriJCi is the sum of the absorption effects

i

of all of the absorbing matter in the X-ray path.

It should be noted that this equation describes

mass absorption only, and does not deal with the

abrupt changes which occur at the excitation po-

tentials of the elements. From this equation, the

equation for calculating concentration

2.303 X 1000
, , ,,, 1 ./. ^

C = (nh logio 7\i - m-i logio i xs - «)

can be obtained. C is the concentration,A^m is the

difference between the mass absorption coefficients

at the short wavelength and long wavelength
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a

DETECTOR
POWER
SUPPLY

AMPLIFIER

DETECTOR SLIT

PROPORTIONAL
COUNTER TUBE

ABSORPTION CELL

C0LLIMATIN6 SLITS

DIFFERENTIAL
PULSE HEIGHT
ANALYZER

CONSTANT
POTENTIAL

REGULATED
POWER
SUPPLY

X-RAY TUBE

scaler]
1
TIMER

m\YIr K^ec^^der]

Fig. 2. X-ray aborption equipment

Fig. 3. X-Ray absorption equipment

sides of the absorption edge, I is the cell thickness,

Ml is the slope of the curve on the short wavelength
side of the absorption edge, yn^ is the slope of the
curve on the long wavelength side of the absorp-
tion edge, Txj is the time for a certain number of

counts on the short wavelength side of the absorp-
tion edge, Txj is the time for the same number of

counts on the long wavelength side of the absorp-
tion edge and a is a constant. For very accurate
analysis, it is necessary to apply corrections to

Txi , T\^ and sometimes nii and m2 . These correc-

tions and methods of determining the various

parameters in the above equation are described in

detail in an article on the same subject in Ana-
lytical Chemistry.^

Instrumentation. The instrument is essentially

the same as that used for X-ray diffraction; how-
ever, a single crystal replaces the powder sample

and the absorption cell is mounted in the beam
at the collimator. (See Figs. 2 and 3.) The instru-

ment must be very stable both electronically and
mechanically. It must operate at constant poten-

tial at high counting rates and be capable of ac-

cumulating a large number of counts (10^). The
instrumental requirements are discussed in detail

in the article in Analytical Chemistry.^

Data. Table 1 shows data that were obtained

from pure Zr solutions made up in 5 per cent

H?,S04 .

Table 2 gives data that were obtained from 1

mg/ml Zr solutions that were contaminated with

impurities as shown. The results in Table 2 were

calculated using the same parameters as were

used for pure solutions (Table 1). The expected

errors (95 per cent confidence level) were calcu-

Table 1. Accuracy of Zirconium
Determination.

Known Observed mg/ml Per
cent
Error

Expected
Ex-

pected

mg/ml Zr mg/ml Zr Error Error*
Per cent
Error*

0.0394 0.0396 0.0002 0.5 0.0091 23.1

0.1971 0.1964 0.0007 0.4 0.0091 4.6

0.9856 0.9834 0.0022 0.2 0.0091 0.9

4.928 4.924 0.004 0.1 0.0091 0.2

24.64 24.73 0.0900 0.4 0.0200t 0.1

* The expected errors are based on counting statistics only.

t Because of the low counting rate, not as many counts were
accumulated for the 24.64 mg/uil Zr solution as for the other

solutions.
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Table 2. Effect of Impurities on

Determination of Zirconium (1.001

mg/ml Zr present in each).

Impurity

None
None
None
None
None
Al

AI
Al
Al
SS°
ss°
ss°
Ni
Nb
Nb
Hf
Hf
Pt
U
U
U

Impurity
mg/ml

None
None
None
None
None
43.20

43.20

43.20
Foilb

19.27

19.27

19.27

Foilb

9.96

9.96

6.53

6.53

8.11

15.03

15.03

7.52

Observed
Impurity
mg/ml

0.986

1.004

0.993

0.994

1.014

1.013

0.998

1.011

1.018

0.984

0.982

0.981

0.992

1.007

1.007

1.019

1.016

1.018

1.092

1.090

1.045

or
/o

Error*^

-1.5
+0.3
-0.8
-0.7
+ 1.3

+ 1.2

-0.3
+ 1.0

+ 1.7

-1.7
-1.9
-2.0
-0.9
+0.6
+0.6
+ 1.8

+ 1.5

+ 1.7

+9.1
+8.9
+4.4

^ Expected error, 2.2%, based on statistical evaluation of pure

Zr solution data (95% confidence level).
b Al foils added to equal approximately 43.20 mg./ml. and

Ni foil added to equal approximately 19.27 mg./ml.
<= Standard lOle stainless steel containing Fe, Cr, Ni, Mn,

Mo and traces of other elements.

lated from the pure solution data that were taken.

These data therefore include all the errors that

were present at the time these determinations

were made. It will be noted that the Zr solutions

that were contaminated with uranium are not

within the expected error. There is a change in

the slope of the white radiation curve near the

short wavelength side of the absorption edge of

an element. If the element being determined falls

just on the short wavelength side of the absorption

edge of a contaminating element, an error will be

introduced. The Zr K absorption edge is just on

the short wavelength side of the uranium Lm
absorption edge. These data could be brought

into line by applying a correction to Wi and m2

in the equation above.

Conclusions. The X-ray absorption edge

method of analysis has been used at this laboratory

for about two years and has proved to be satisfac-

tory. Zr, Nb, Mo, Th and U have been determined

with an approximate limit of error (95 per cent con-

fidence level) of 1 per cent for concentrations

above 1 mg/ml and 5 per cent for concentrations

from 0.2 to 1 mg/ml. This has been achieved in

the presence of a variety of matrix elements, in-

cluding Al, Cr, Fe, Ni, Y, Zr, Nb, Mo, Sn, Hf, Pt,

Th, V and NH4 , and with a variety of anions and

organics. Hf and W were also determined, but the

limits of error were approximately twice those of

Zr. Because of the low intensity, not as many

counts were accumulated for Hf and W as for the

other elements.

The X-ray absorption edge method of analysis

has also been used satisfactorily in a routine

laboratory at the Y-12 plant in Oak Ridge for

several years. ^' ^
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ABSORPTION EDGE ANALYSIS: APPLICATIONS OF SEC-

ONDARY TARGETS

Theory. X-ray absorption-edge spectroscopy dif-

fers from other X-ray absorption techniques in

that the significant factor in the measurement is

the increase in absorbance at an absorption edge

for the element being determined, rather than the

gross absorption by the sample. Because only a

few elements have an edge in the region where

measurements are made, better selectivity can be

obtained. X-ray energies corresponding to the

wavelengths Xi and X2 , one on either side of the

edge, are transmitted through the sample solu-

tion. X-rays are absorbed at each wavelength ac-

cording to the equation

/O Q-{txlp)CL (1)

where
r is the incident intensity

I is the transmitted intensity

(/x/p) is the mass absorption coefficient of the

sample
C is the concentration of sample expressed in

grams per cc

L is the path length of the cell in cm
If we consider the absorption by the total sam-

ple at the two energies, we have

7x, = n, exp {-[(M/p)a'^a + {y./p\^'C,]L\ (2)

and

h., = 7x% exp {-[{n/p)^-'Ca + {i^/p)^'C.\L\. (3)

In these equations {ii/p)a and Ca refer to the

element being determined, and {fi/p)b and d, re-

fer to all other elements in the sample. Mass ab-

sorption coefficients can be related to wavelength

by the equation

(m/p) = ^-X- (4)

where k is constant for an element through a

wavelength region where no absorption edge oc-

curs, and n is constant for the element over a
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limited wavelength region, but can vary from ap-

proximately 2.3 to 3.^ By manipulation of equa-

tions (2), (3), and (4), the expression

c = ki log 7iV/i - h log /2V/2

ki log Ri — k2 log R2
(5)

is obtained.-' ^' ^ Here c is the concentration in mg
per ml, 7i° and h" are transmitted intensities

through the cell filled with water or any other

solvent used in the analysis, h and h are trans-

mitted intensities through the same cell filled with

sample or standard solutions,

ki =
2303X2

iv[X2"Wp)Xi - xHiJ^/p)\2]

and

k2
2303Xi^

L[X2«(m/p)Xi - XiKm/p)X2]

(6)

(7)

Equation (5) is used to determine the concen-

tration of the element sought. Values for fci and

/c2 are experimentally determined using a blank

containing only the solvent and impurity elements

expected in the sample, and a known solution con-

taining solvent, impurity element, and a known
concentration of the -element sought.

Dividing equation (6) by (7), equation (8) is

obtained

:

h/ko = (X2/Xi)^ (8)

This expression is an indication of the matrix ef-

fect for absorption edge analysis because the value

for n is dependent only on the impurity elements

present. The magnitude of the matrix effect can

be reduced by selecting Xi and X2 as close together

as possible, thus minimizing errors caused by differ-

ent values for n. The proximity of Xi and X2 is

limited by the resolving power of the crystal spec-

trometer and the availability of suitable targets

for obtaining required X-ray energies.

From a consideration of equation (5) it is seen

that the accuracy in determining concentration, c,

depends on the accuracy with which values for ki

and ka are determined. This is dependent not only

on normal X-ray counting statistics, but also on

the magnitude of the ratios Ri and R2 . Solving

equation (5) for ki and differentiating with respect

to Rx , we obtain

dki/dRi
(c - ;c2 log i^2) (0.4343)

i^idog R,y
(9)

A similar expression is obtained for dk2/dR2 .

Therefore, to minimize errors in determining values

for ki and fco , blank and standard solutions should

have concentrations such that transmitted in-

tensities will be no greater than approximate!}' 70

per cent of the intensities measured through the

reference solution. When values for Ri and R- ap-

proach unity, errors in determining values for A'l

and kz approach infinity.

Apparatus. For limited cases, such as the de-

termination of lead with a thorium target X-ray

tube, the primary X-ray lines from the tube target

may be used in absorption-edge analysis.** The con-

tinuous radiation from the tube may be used also,

but this requires modifications which essentially

remove the instrument from fluorescence analysis.

For laboratories where the X-ray spectrograph

cannot be permanently removed from routine

fluorescence work, secondary targets serve as a

convenient source of monochromatic X-rays. The
secondary target is placed in the cell normally

holding samples for fluorescence analysis. The exit

collimator is replaced with a cell holder designed

to accommodate cells of up to 3 cm path length.

Approximately 5 min is required to convert the

spectrograph from fluorescence to absorption edge

analysis. Fig. 1 shows a typical scheme for absorp-

tion-edge analysis. Cell design is shown in Fig. 2.

Polystyrene is preferred as construction material

for cell windows because of its rigidity, comparable
resistance to chemical attack by acids and organic

solvents, and its low absorption of X-rays.

The path length of the cell is selected from a

consideration of the increase in mass-absorption

coefficient at the absorption edge selected for

analysis, and the mass-absorption coefl&cient of the

solvent and sample. Generallj^, it is desirable, al-

DETECTOR

CELL HOLDER LiF CRYSTAL

Fig. 1. Optical arrangement for X-ray absorption
edge analysis using secondary targets.

Fig. 2. Cell used in X-Ray absorption edge
analvsis.
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Fig. 3. Increase in mass absorption coefficient at

K and Lm edges as a function wavelength.

though not ahvays possible, to have transmitted

intensities of at least 500 counts per second through

the sample and standard solutions. In Fig. 3 the

relative sensitivities of the Lm and K edges in the

wavelength region from 0.3 to 3 A are shown. The
jump in mass-absorption coefficient at the ab-

sorption edge increases with longer wavelength of

the edge. However, this potential increase in sen-

sitivity for hghter elements cannot be fully realized

in solution analysis because the mass absorption

coefficient for solvent and cell materials also in-

creases with wavelength, and the cell path length

must be decreased correspondingly to prevent com-

plete attenuation of the X-ray beam by the sol-

vent. Longer path length cells can be reahzed for

light element analysis by use of dilute nitric or

hydrofluoric acids as solvent wherever possible,

and use of low density-low molecular w^eight dilu-

ents. For example, the use of dilute nitric acid-70

per cent isopropyi alcohol as a solvent in the deter-

mination of cobalt permitted use of 0.34-cm path

length cells, compared to a cell path length of

0.16 cm when dilute nitric acid alone was used.®

Applications. X-ray absorption-edge spectros-

copy does not provide the sensitivity of X-ray

fluorescence spectroscopy, and it is therefore

limited to the determination of major constituents.

However, it is less susceptible than X-ray fluores-

cence to interferences from variations in compo-

sition of the sample. Direct interference results

only when another component of the sample pos-

sesses an absorption edge between the X-ray lines

selected for analysis. Each element has only one

K edge and three L edges, compared to two intense

K series X-ray hnes and several intense L series

lines, not to mention higher order diffractions

which often interfere with X-ray fluorescence anal-

yses. Matrix effects discussed previously are readily

eliminated by adding the impurity element to

blank and standard solutions when determining

values for fci and ks in Equation (5). Once these

values have been established for a particular cell

and impurity element, they are apphcable over

large variations in concentration of that impurity

element. Therefore, new cahbration curves need

not be prepared for samples where impurity ele-

ment concentration varies over a wide range.

The use of secondary targets for X-ray absorp-

tion-edge analysis was first suggested by Eng-

strom, who used them for microanalysis of histo-

chemical specimens.* A rotating target composed

of a number of pure elements was mounted be-

tween the X-ray source and sample and the de-

sired radiation was obtained by rotating the ap-

propriate element into position.

The absorption-edge technique using secondary

targets has been applied to the determination of

uranium in the presence of numerous impurity

elements and to the determination of uranium in

uranium carbide samples without separation from

free carbon.^ A molybdenum-niobium target is used

as a source of secondary X-rays. At optimum con-

centrations of 20 to 30 mg per ml with a cell of

1 cm path length, a relative standard deviation of

0.3 per cent may be obtained.

A recent application has been to the determina-

tion of cobalt in cobalt-cerium and cobalt-cerium-

uranium mixtures using a copper-nickel alloy as

secondary target.' Using a cell of 0.34 cm path

length and 70 per cent isopropyi alcohol as solvent,

relative standard deviations of 1.8 to 0.5 per cent

were obtained for cobalt concentrations in the

range from 1.00 to 10.00 mg per ml.

Absorption-edge analysis can be apphed to the

determination of elements where a second order

X-ray line would normally interfere in X-ray

fluorescence analysis. For example, second order

diffractions of K series lines of molybdenum,

niobium, and zirconium interfere with the X-ray

fluorescence determination of tungsten, tantalum,

and hafnium, respectively. Using the absorption

edge technique, no interference is encountered.

Hafnium has been determined in the presence of

large amounts of zirconium^" and tantalum in the

presence of niobium^ using the Lai lines obtained

from secondary gold-platinum and mercury-gold

targets, respectively. Using dilute hydrofluoric acid

solutions in a cell of 0.25 cm path length, relative

standard deviations in the range from 0.5 to 1

per cent may be obtained for concentrations of 10

to 20 mg per ml. Tantalum can be determined

using a tungsten-target X-ray tube with no inter-

ference from the Compton radiation obtained from

the tube. Using the absorption-edge technique,

elements having absorption edges in the wave-

length region 0.5 to 2.2 A may be determined.

Relative standard deviations of 1 or 2 per cent

can be achieved routinely, and 0.5 per cent or

better can be realized for optimum concentrations.
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ABSORPTION EDGE ANALYSIS. See also Petroleum Re-

fining Quality Control.

ABSORPTION EDGES, ENERGIES OF. See Energies of

Absorption Edges.

ABSORPTION FACTOR. See Intensities, Integrated X-ray
Diffraction.

ABSORPTION OF RADIATION BY SOLIDS. See Plastics

and Polymers.

ACCELERATORS, MICROWAVE LINEAR ELECTRON AND
X-RAY GENERATORS

For the production of powerful beams of high-

energy electrons, the microwave linear accelerator

(Linac) is the most practical system operating be-

yond the realm of direct-acceleration methods.
Electronuclear machines such as the betatron, elec-

tron synchrotron and microtron accelerate rela-

tively small beams in comparison to those of the

Linac. The advantages of this type of accelerator

include: (a) controllable electron energj^ from a

few mev to hundreds of mev ; (b) well-collimated or

focused electron beams, of several kilowatts in

power; (c) pulsed operation in the range of 10'^-

10"^ second; (d) prohfic beams of secondary radia-

tions and particles, such as penetrating X-rays

(bremsstrahlung) and energetic neutrons; (e) mod-
ular construction, by which Linac energy and power

can be increased in approximately linear design

steps.

The Linac is useful not only for basic nuclear

physics and biological research, but also for clini-

cal therapy and industrial radiography. Approxi-

mately 100 of these accelerators are in operation

throughout the world, producing electron and X-
ray beams in the 2 to 1000 mev range. Under design

at Stanford University is a Linac, two miles long,

for fundamental nuclear particle research at 15-45

gev. (1 gev =: 1000 mev, formerly called "bev" in

USA)
Historical Background. The first concept of a

linear method of particle acceleration was by G.

Ising of Sweden in 1924. R. Wideroe in Germany
successfully applied the resonance principle in

1928, to accelerate potassium ions to 50 kev with

an applied voltage of 25 kv, and J. W. Beams of

the United States obtained a voltage multiplica-

tion of 6 in 1934. Further development of the idea

was hampered bj^ the lack of suitably powerful

sources of radio-frequency.

Technical advances resulting from the develop-

ment of radar, during World War II, made possi-

ble the concept of the traveling-wave linear ac-

celerator, operating at microwave frequencies. In

the late 1940's, considerable progress was made by
a group of physicists at Stanford University under

W. W. Hansen, and in England at the Atomic
Energy Research Establishment under D. W. Fr}^,

utilizing iris-loaded waveguides to propagate a

traveling electric field along the guide. The source

of microwave power at Stanford was the new, high-

powered klystron; at AERE, the power source

was the well-proven magnetron.
In 1949, the first klystron-powered Linac was

successfully operated at Stanford, achieving an
electron energy of 40 mev, operating at S-band
(2855 megacycle) frequency. By the mid-50's, it

became apparent to a number of laboratories and
commercial manufacturers that the Linac showed
great promise for producing intense electron beams
at high energies. During this period, several mag-
netron-powered accelerators in the 4 to 8 mev
range were installed in British hospitals for clini-

cal therapy.

To accelerate higher-powered electron beams to

energies of 40 to 100 mev. Applied Radiation Cor-
poration in 1959 developed the technique of using

L-band (1300 megacj'cle) frequency. Very power-
ful Linacs utilizing this development for nuclear

physics and reactor engineering are now installed

at several United States laboratories, representing

the most intense machine-produced X-ray sources

yet available.

The demands of heavy steel industries and man-
ufacturers of large-diameter solid rocket propel-
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lants have recently brought forth several designs

of Linacs, flexibly mounted from traveling cranes,

operating in the 6 to 15 mev range, outputs of 500

to 6000 roentgens per minute at one meter. These
intense sources of penetrating X-rays are needed

for the production inspection of very bulky ob-

jects.

Operating Principles. The basic microwave
linear electron accelerator system consists of the

following components: (a) High-voltage d.c. power
supply; (b) Modulator to convert d.c. to high-peak

pulses; (c) High-power microwave amplifiers

(magnetron, klystron, or amplitron), driven by the

modulator to provide pulses of microwave fre-

quency; (d) Evacuated acceleration waveguide to

accept the pulsed microwave power, designed to

propagate a traveling electric field at microwave
frequency; (e) Electron injector, with heated

cathode, to synchronize bursts of low-energy

electrons with the modulation of the traveling

field; (f) Target (for X-ray or neutron production)

or thin window (for electron irradiation) to seal

the grounded end of the acceleration waveguide
and to intercept the beam of electrons; (g) High-
vacuum system, to maintain proper vacuum con-

ditions in the column of the acceleration wave-
guide and electron injector.

Electrons are emitted from the injector at rela-

tively low energies in bunches, so that they arrive

at the acceleration waveguide in proper phase of

relationship with the modulated microwave power.
Acceleration of the electrons is accomplished by
the influence of the traveling electric field, which
is propagated axially at the speed of light. The
electrons are essentially launched at the crest of

the wave, just as a surfboard rider is driven by the

energy of the ocean waves. A Linac may com-
prise a single acceleration section and microwave
power amplifier, or it may have several sections,

depending on the final electron energy desired.
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ACCELERATORS. See also Van de GraafF Generators
and Particle Accelerators.

ACIDS, STRAIGHT-CHAIN CARBOXYLIC (Ci TO Cu):

X-RAY DIFFRACTION STUDY

In the last forty years well over a hundred
papers have appeared on the study of fatty acids

by X-ray diffraction. Much of the data obtained
from these solid state studies has been summarized
by Francis and Piper^ and more recently by Von
Sydow.^ Most of the investigators report data on

the solid series of saturated fatty acids containing

from 12 to 46 or more carbon atoms. Information

is sketchy on acids normally liquid at room tem-

perature, i.e., methanoic (formic) to decanoic

(capric), even though this series of acids was
among the first to be investigated by X-ray dif-

fraction.^- *' ^ Data in these early works do not

agree among themselves and are not complete,

probably because experiments at low temperatures

are difficult and many of the available acids are

impure

.

Materials. The monocarboxjdic acids Co , Cs

,

Cn2 , and Ci4* were 99.8 per cent pure and were ob-

tained from Applied Science Laboratories, State

College, Pennsylvania. The remainder of the acids

were prepared in this laboratory or were purified

from compounds supplied by Eastman or Mathe-
son, Coleman and Bell.

Equipment. A Philipst diffractometer equipped

with a scintillation counter was employed for a

majority of the measurements. Beam exit slits of

1/6° to 1° were used depending on the diffracting

angle. Nickel filtered copper radiation was used in

all cases. The diffractometer was equipped with a

simple low-temperature specimen mount similar

to one described by this author for pressed sam-
ples.** The mount was modified so that liquids or

pov/ders could be accommodated in a depression

milled in a copper block. The copper specimen
holder was insulated from the diffractometer by a

Teflon block which was bolted to the diffractom-

eter to increase rigidity and minimize drag effects

from the feed tube. The feed tube carried cold gas

into the copper block where the gas circulated be-

neath the sample. The gas then emerged and a

curved piece of tubing in the block sprayed the

cold gas on the surface of the sample. The Philips

can-type scatter shield with 1-mil "Mylar" cover-

ing the can slit was used as a container to provide

a pressure of dry gas within the vessel and thereby

reduced sample icing problems. This mount was
used mainly for recording side spacings of acids

and noting preferred orientation in these com-
pounds. At times, the sample was covered with

one-mil Mylar to reduce evaporation, especially

in such acids as butanoic and pentanoic. For de-

termination of side spacings, the samples were
powdered in an agate mortar at solid carbon di-

oxide or liquid nitrogen temperatures and packed
into the depression in the copper block. Long spac-

ings were determmed by allowing a thin Istyev of

acid to crystallize on a ground glass slide cooled

by a stream of dry nitrogen. Temperature was
controlled bj^ varjang the flow of dry nitrogen

through a copper coil immersed in liquid nitrogen

or a solid carbon dioxide-acetone mixture.

Powder patterns for several acids were recorded

on film using a Philips 114.6 mm Debye-Scherrer
camera adapted for moderately low temperatures

* Notation Cn refers to total number of carbon
atoms in acid and will be used throughout this re-

port.

t Philips Electronics, Inc., Mt. Vernon. New
York.
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by flowing cold nitrogen into a piece of quarter-

inch copper tubing threaded into a hole in the

camera cover just opposite the rotating sample.

The sample was contained in a capillary to prevent

evaporation.

Discussion and Results. A crystal is a formation

constructed from a three-dnnensional pattern of

atoms, ions, or molecules, constantly repeated. If

some point in a molecule or the center of an atom

is taken as a point of reference, the arrangement

of these points is termed a space lattice. A unit

cell is defined as the smallest unit containing all

elements of the lattice. A diagram of a typical

unit cell of a fatty acid, in this case beta octade-

canoic (Stearic) acid, is shown in Fig. 1. This

particular configuration was chosen mainly because

it represents fatty compounds in general and shows

the packing mode in long-chain compounds. One

of the most unusual features of these compounds

is the double-chain packing due to bonding of

carboxyl groups in the middle of the cell In these

long-chain compounds, the lattice spacing corre-

sponding to the distance between layers is termed

the long spacing. Normally, the long spacing will

not be the exact chain length unless the angle beta

is 90°. It is usually the change in packing angle

beta that gives rise to polymorphism, a charac-

teristic quite prevalent in these molecules. In long-

chain compounds the spacings representing dis-

tances between parallel chains are termed short

spacings. In the saturated acids the short spacings

vary only shghtly from compound to compound

especially in the very long chain compounds.

Long and short spacing data for the saturated

fatty acids Ci to Cio are compared in Table 1 with

the long spacing values from the literature. The

literature data do not agree well, but the very

early work by Gibbs^ compares favorably with

the long spacings reported here. Long-spacing data

in this table were calculated from an average of

Qo = 5,71 A

bo = 7 39 A Co not to scale

Co = 50 7 A

P = 119.9°

Fig. 1. Diagram of a typical fatty acid unit cell

(octadecanoic acid).

the best resolved and highest order lines due to

the long spacing. The long spacings were obtained

by inducing preferred orientation and enhance-

ment of the long spacing by crystaUizing thin

layers of the acid on a ground glass shde. Crystal-

hzations were carried out both from melts and

solvents. Toluene, benzene, and acetone were used

during the solvent crystalhzation phase of this

work. Short spacings were determined from sam-

ples ground and packed into a copper holder at

liquid nitrogen or sohd carbon dioxide tempera-

tures. Intensities shown with short spacings prob-

ably are almost meaningless since preferred orien-

tation is very pronounced in these compounds. No
attempt was made to obtain each acid pattern at

the same temperature. Rather, each acid was run

at about 30 degrees below its melting point in an

attempt to put these patterns on the same basis

as the solid acids in the range Ci4 to Cis ,
which

melt 30 to 40 degrees above room temperature. A
change in temperature has a striking effect on the

short spacings, while long spacings are virtually

unaffected by moderate changes in temperature.

The latter is in agreement with early observations

by Muller' and Slagle and Ott.'

If long spacings of compounds in a homologous

series such as the saturated acids are plotted

against the number of carbon atoms in the chain,

a straight line (or straight hues if more than one

polymorphic form exists) is obtained. These

straight-line relationships have been shown by

manv authors. Bailey' has collected data from the

Hterature and plotted it for all the polymorphic

forms of the saturated acids having from 11 to 24

carbon atoms. Francis, Collins, and Piper" show

linear relationships for acids, alcohols, esters, and

iodides having from 16 to 46 carbon atoms. If

long-spacing data from Table 1 is plotted against

the number of carbon atoms, the linear relation-

ship begins to fail at about C* , where apparently

the influence of the terminal groups begins to

overcome packing due to the long chain. Spacings

in lead and zinc salts of saturated fatty acids like-

wise deviate from linearity at about the same point

as the acids themselves."" The long spacings digress

from linearity in the same place as a plot of

melting point versus chain length would digress.

In the linear portion of the line, an equation for

line slope may be written which enables one to

calculate average long spacings for any acid. This

equation for short-chain saturated acids is L. S. =
222N — 0.86, where N is the number of carbon

atoms in the acid.

The only acid in this group for which complete

crystallographic data were available was decanoic,

the only naturally solid acid shown in Table 1.

These data show decanoic acid to be monoclinic, as

are most of the acids with a Co lattice parameter

of 30.5A and a ^ angle of 130 .9°."' Since the long

spacing which is shown in Table 1 is merely a

projection of the Co parameter, the long spacing

may be calculated L. S. = Co sin /S. This calcula-

tion, using the Powder Data File value for Co,

gives a long spacing of 23 .06A which is in excellent

agreement with the value 23.10 from Table 1,
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Table 1. Fatty Acid Spacing Data Ci to Cio .

No. C
Atoms

Name Long Spac-
ing, A Short Spacing d, A. ij-)

Literature Long Spacing, Ref.

3 4 5

1 Methanoic
(Formic)

5.14 4.52(10), 3.92(25)

3.68(100), 3.32(10)

5.19 5.2

2 Ethanoic
(Acetic)

6.65 4.35(100), 3.91(20)

3.67(40), 3.46(70)

2.88(40)

6.66 5.9

3 Propanoic
(Propionic)

7.05 5.52(10), 4.70(50)

4.19(100), 3.89(10)

3.66(10), 3.44(5)

2.85(60), 2.65(50)

2.63(30), 2.14(5)

1.579(10)

6.75 6.0 8.5

4 Butanoic
(Butyric)

9.45 7.60(40), 4.07(100)

3.93(70), 3.78(100)

3.69(40)

9.65 8.5 9.2

5 Pentanoic
(Valeric)

12.63 7.25(50), 4.82(50)

4.44(100), 3.88(40)

3.65(50), 3.60(100)

3.46(20)

10.1 10.2 12.2

6 Hexanoic
(Caproic)

14.25 4.05(100)

3.90(25), 3.67(30)

3.42(35)

14.6 12.8 12.4

7 Heptanoic
(Enanthic)

16.23 4.36(50), 3.88(50)

3.75(100), 3.65(40)

3.43(40)

16.4 14.5 14.5

8 Octanoic
(Caprylic)

18.65 4.10(100), 3.91(20)

3.67(10)

19.0 17.0

9 Nonanoic
(Pelargonic)

20.73 4.40(40), 4.27(70)

4.00(100), 3.89(65)

3.43(30)

22.9 18.4

10 Decanoic
(Capric)

23.10 4.13(90), 3.87(25)

3.78(100)

(Room Temp.)

23.3 20.3

especially since Co was given to only one decimal

place and the calculated long spacing should be

rounded off to 23.1A.

Polymorphism. X-ray diffraction examination

of long-chain solid fatty acids has revealed that

they exist in more than one form. The trans-

formation and existence of these forms are de-

pendent on temperature, purity of the acid, rate

of crystallization, and solvent used for crystalliza-

tion.^ Three different sets of long spacings have
been recorded for the very long chain acids with

an even number of carbon atoms and four different

sets for the acids with an odd number of carbon

atoms. In decreasing order of long spacing size

these phases are called, respectively, A, B, and C;
and A', B', C, and D'. Since short spacings are

virtually identical in each phase, this indicates

that there is similar packing of long chains, and
that polymorphism results from different modes
of carboxyl union, causing different angles of tilt

in the lattice. Fig. 2 shows diffractometer patterns

for two forms of the Cis acid (tridecanoic). In these

traces, the C form was obtained by allowing the

acid to melt, recrystallize, and then holding the

temperature at 40°C during the run. The acid was
then allowed to cool to room tem.perature and a

pattern was taken of the resulting A' phase. The
transformation is not complete, and a small

amount of C still exists with A'. Since scale ex-

pansions were effected at 5°2^ and at 17°2^ to

show detail, the intensities shown are not on the

same relative basis.

The effect of acid crystalHzation from solvents

was investigated in the solid acids by crystallizing

the Cii (undecanoic) acid from the melt and then

from benzene and acetone. The A' modification

was formed with both solvents, while the C form

resulted from solidification from the melt. Table 2

shows long spacing data and data from the litera-

ture for Cii through Cu ; these acids melt up to

about 30°C above room temperature. Agreement of

these long spacings with literature values is very

good. Calculations of the long spacing from com-
plete crystallographic data for dodecanoic acid

(Powder Data File Card No. 8-528) gives a long

spacing value of 27.45A, exactly that reported here.

Data from tetradecanoic acid (Powder Data File

Card No. 8-786) gives a long spacing value of

31.51A, which does not agree as closely with the

experimental data shown as did the values for

decanoic and dodecanoic acids.

The long spacings for A' and C forms shown in
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Fig. 2. Diffractometer traces of two polymorphic forms of tridecanoic acid (CuK radiation)

No. C atoms

11

12

13

14

Table 2. Long Spacings for Solid Saturated Fatty Acids.

Name

Undecanoic
Dodecanoic
Tridecanoic
Tetradecanoic

Long Spacing, A

A or A' C or C

30.16

35.35

25.50

27.45

30.0

31.60

Long Spacing, A from Literature

A or A' C or C

30.1(14)

35.3(13)

36.64(9)

25.4(14)

27.4(13)

30.0(13)

31.5(13)

27.18(9)

29.8(9)

31.6(1)

Table 2 for the first two sohd, odd acids were easily

observed using the diffractometer. However, ob-

servation of polymorphism in the normally liquid

acids proved much more difficult with recordings

showing only hints of fleeting phase changes.

Each of the acids was crystallized from acetone

and benzene (toluene, for lower temperatures) in

an attempt to induce phase changes. The acids with

an even number of carbon atoms gave the same

long spacings as when solidified from the melt. The

acids with an odd number of carbon atoms, how-

ever, showed some change, usually very slight.

Crystallization from acetone usually gave two

spacings in C9 , C7 , Cs , and C3 . These spacings

were not well-defined and seldom gave more than

three or four orders of the long spacing. The short

spacings remained about the same as when crys-

tallization occurred from the melt.

Orientation. In these compounds, as with most

organic materials, sample preparation is quite im-

portant because of preferred orientation effects.

Fig. 3 shows portions of three diffractometer traces

of propanoic acid, each prepared differently. As can

be seen from this figure, the long spacing, 7.05A,

FROM TOLUENE

FROM
MELT

3^ 30 28 Z6 24 22 20

2 e

Fig. 3. Effects of specimen preparation and pre-

ferred orientation on the pattern of propanoic acid

(CuKa radiation).

remains approximately the same regardless of the

crystaUization method along with the short spac-

ings. There is a marked difference in the appearance

and intensity of spacings intermediate between the
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long and short spacings in this compound according

to the method of recrystalhzation. The occurrence

of fairly large spacings between long spacings and
short spacings is common in the short-chain acids

with five or less carbon atoms. In these compounds,
the terminal groups apparently begin to influence

the molecular packing, while in longer acids, pack-

ing is influenced only by the aliphatic chain. The
packing effect of long chain substitutions is seen

in many compounds such as substituted amides,

anilides, phenols, and recently, ferrocenes.^^

In very short-chain acids the problem of pre-

ferred orientation did not seem nearly as serious as

with the long-chain compounds. In fact, intensities

from the diffractometer trace of ethanoic acid com-
pare very favorably with a powder pattern taken
at a low temperature in a Debye-Scherrer camera.

Fig. 4 shows a pattern of a cylindrical (capillary)

sample of ethanoic acid and the corresponding pat-

tern obtained with the diffractometer. Both the

position and intensities of the lines agree well al-

though the particle size is not optimum in the cy-

lindrical sample. This figure serves also to illus-

trate the advantage, insofar as time is concerned, of

using the diffractometer. The sample preparation,

alignment, exposure, and development for the

Debye photograph took approximately seven hours,

while the procedure using the diffractometer took
only thirty minutes. Time is also saved, since one

records only the patterns which show desired phase
changes or effects and does not record many un-
usable patterns as with the film method; that is,

the pattern may be quickly checked by hand-
scanning the diffractometer to see if the desired

crystallization has been obtained. With film meth-
ods, one must wait for several hours before he
knows whether a crystallization has been a success.

Mixtures. Many investigators^^ have studied

fatty acid mixtures, particularly binary mixtures.

These studies have added much to the understand-
ing of the melting and solidification of fatty com-
pounds. Slagle and Ott" have examined long spac-

ings from binary mixtures of fatty acids Cio to Cis

and varied chain length differences from one to

eight carbon atoms. In all cases, mixed crystal for-

mation was established and some binary mixtures
formed a continuous series of solid solutions con-

forming to Vegard's law.^^ Some systems, although
exhibiting solid solution, give different spacings ac-

cording to sample treatment thus making data in-

terpretation cjuite difficult. Also there appears to be
disagreement as to the sharpness of mixture lines.

Francis, Collins, and Piper^° state that mixture
lines are broad and poorly defined, while Slagle and
Ott'^^ claim that mixture lines are comparable to

pure acids.

Results of binary mixtures stud}^ of both solid

and liquid fatty acids show partial agreement with

^^.^.vJSv^JW
24 22
20

18 16 12

Fig. 4. Debye-Scherrer powder pattern for ethanoic acid from a cyhndrical sample (top)
compared to a flat plate diffractometer trace (—25°C) (CuK radiation).
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both of the above sets of authors. The sohd sys-

tems studied were C10-C12 , Cio-Cu , and Cii-Cie

.

The hquid mixtures studied were more extensive

and in some cases varied by more than two carbon

atoms. Complete phase diagrams of the systems

were not compiled since only binary mixtures con-

taining 50 mole per cent of each component were

studied. In most mixtures where complete sohd so-

lution was indicated, the first order Hne due to the

long spacing was as intense and nearly as well re-

solved as that line from either of the pure acids.

However, fewer orders of reflection were recorded

in mixtures and higher order lines were less sharp

than those in pure acids. Mixtures tended to crys-

tallize from solvents in more than one polymorphic

form much more readily than did the correspond-

ing acids alone. Further, at times when more than

one form was present, both phases did not exhibit

the same degree of crystallinity or order and some-

times a broad peak was observed very close to a

sharp peak. Only with difficulty were these peaks

resolved, and on film they gave the impression of a

broad line.

In mixtures normally sohd at room temperature,

mixed crystal formation was estabhshed in all cases

even when chain length difference exceeded four

carbon atoms. In the lower acids, however, one ob-

serves all of the possible effects, i.e., complete solu-

bihty, partial solubihty, and complete insolubility.

Fig. 5 (a) is the diffractometer trace of a mixture

of hexanoic and octanoic acids. This pattern shows

the long spacing to be midway between the normal

spacing of each acid, indicating complete solubility

(b.) Cea c,

I

28 26 24 22 20 18 16 14 12 10 8 6 4
2 e

(c.)
CaSCs

^.^.^lA^J^k^ \>
30 2a 2« 24 22 20 IS l« 14 12 10 • 6

20

Fig. 5. Diffractometer traces of binary mixtures

of saturated fatty acids (50 mole per cent each)

(CuK radiation).

and mixed crystal formation. In this particular mix-

ture, no well-defined higher orders of the long spac-

ing appear. The very weak, broad line at 16°2^ is

probably the third order of the long spacing. An in-

dication of partial solid solution is seen in a mixture

of short acids differing by four carbon atoms as

shown by Fig. 5 (b). This figure shows a mixture of

a liquid acid, hexanoic, and a solid acid, decanoic.

Here, a long spacing is observed in a position giving

a shorter spacing than decanoic acid and also a

poorly defined spacing is seen that is considerably

larger than hexanoic acid. Complete insolubility

is shown in a low-temperature diffractometer trace

of ethanoic acid and hexanoic acid (Fig. 5 (c)). No
evidence for mixed crystal formation is seen, with

spacings occurring in the same positions as in the

pure acids.

Short spacings of mixtures were approximately

the same intensity and shape as in pure acids with

lines at 4.1A and 3.7A being the most dominant.

The absolute values of mixture short spacings were

found to be somewhat different from pure acids. In

all cases, corresponding short spacings were larger

in solid solution mixtures than in pure acids or me-

chanical mixtures of saturated acids. All side spac-

ings were not increased the same amount, however.

The peak at 3.7A was affected much more than the

one at 4.1A. For instance, in the Cis-di (50 mole

per cent each) mechanical mixture, lines were re-

corded at 4.15A and 3.71A. After melting and re-

solidification, short spacings were calculated to be

4.16A and 3.83A giving a A dior the larger line of

O.OIA and a A d for the smaller line of 0.12A. The

3.7A line is the line also most affected by tempera-

ture changes in the pure acids.

Thermal Expansion. Since long-chain com-

pounds in general exhibit anisotropy in many prop-

erties, it is not surprising that thermal expansion

varies considerably depending on direction. Early

work on paraffins^ indicates that long chain com-

pounds contract about 2 per cent along the b axis,

7 per cent along the a axis, but scarcely at all along

the long chain c axis when liquid air measurements

are compared with room temperature values. Meas-

urements made in this work on both liquid and

sohd fatty acids gave values of from 20-28 X

10-*A/°C for the interplanar distance of 3.7A which

was indexed as having the Miller indices (200). The

strongest short spacing at 4.1A gave expansion val-

ues of from 5-7 X 10-'A/°C. This line was indexed

as the (110). The ratio of expansion of (200) to

(110) averaged about 3.5 to 1, which agrees fairly

well with the early data on paraffins referenced

above where probably the two strongest short spac-

ing lines were assumed to be either projections of,

or directly due to the a and b axes. The numerical

values shown are d value changes with temperature

and should not be confused with coefficient of ther-

mal expansion. Fig. 6 shows the short spacings

changes with changes in temperature for decanoic

acid. Long spacings for each temperature are not

shown since they vary Httle and only compHcate

the figure. For this acid, the short spacing near 3.7

A

has a thermal expansion of 28 X 10-*A/°C, while

the spacing near 4.1A has a thermal expansion of
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16 14 12

20
Fig. 6. Diffractometer traces of decanoic acid showing anisotropic effects in short spacings.

Short spacing at 3.7A occurs near 24°2^; spacing at 4.1A occurs near 22°2^ (CuKa radiation).

7 X 10"*A/°C. More comprehensive measurements
of thermal expansion are being made in this labo-

ratory on acids and other long-chain compounds
using only lines indexed as (hoo), (oko), and (ool).

From these measurements, calculations will be
made of coefficient of thermal expansion and change
in unit cell volume.
Scattering from Liquid, The structure of ma-

terials in the solid state is fairly well understood
mostly due to X-ray and electron diffraction studies

on single and polycrystalline substances. It is now
known that crystalline materials are an ordered ag-

gregation of atoms or molecules bound tightly into

Table 3. Scattering Spacings from
Liquid Fatty Acids.

Acid Long
Spacing

Short Spacing

Ci 8.2 None
C2 8.2 None
C3 8.2 None
C4 8.2 4.6

(Very Weak)
Ca 8.4 4.55

Ce 8.6 4.55

Cv 8.8 4.55

Cs 9.2 4.55

C9 9.8 4.55

Cio(35-40°C) 10.7 4.60

22 20 18 16 14 12 10 8 6

20
Fig. 7. Scattering curves from liquid acids at

room temperature.

a geometric pattern with certain distances between
atoms in a three dimensional lattice. The exact

structure of liquids, however, is still somewhat
nebulous. Liquids were once thought to be similar

to gases where molecules existed in complete dis-

order. X-ray low angle scattering results have
changed this idea, and now it is widely accepted

that considerable order does exist in liquid phase

materials.

Fig. 7 shows scattering curves from the diffrac-

tometer for several fatty acids normally liquid at

room temperature. The data obtained here agree

surprisingly well with very earh^ scattering data by
Morrow .^^ In the series of fatty acids Ci to Cio a re-

current halo at 4.55A to 4.60A appears in d and
above and a long spacing halo is observed that in-

creases regularly, beginning in C4 and continuing to
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Cio . Although the long spacing halo can be cor-

related with the number of carbon atoms in the

chain, the spacings obtained are completely unlike

those obtained from the sohdified polycrystalhne

materials. This same effect has been noted in the

triglycerides^ and fatty alcohols^" but not in

straight-chain hydrocarbons, probably because of

the absence of double-chain bonding through car-

boxyl or hydroxyl groups in the latter class of com-
pound. Table 3 shows the long and short spacings

calculated for halos from Ci through Cio

.
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ACTIVATION ANALYSIS. See Neutron Activation Analysis.

ADDITIVES IN CHEMICAL DOSIMETERS. See Dosimetry,

Chemical.

ADHESIVE LAYERS, RADIOGRAPHIC EXAMINATION OF

Adhesives are widely used for joining different

soHds. The bond is normally created by spreading

adhesive on one surface, mating the opposite sur-

face to transfer adhesive to it, and curing or hard-

ening. This hardening may come by drying or loss

of solvent, cooling, or undergoing a chemical reac-

tion through application of heat or prior incorpora-

tion of catalyst. Pressure may be applied. The me-

chanical performance of the resulting bond is

related to the integrity of the adhesive layer and to

the nature of its interaction with the surfaces of the

solids. Although simple in principle, several phe-

nomena occur which contribute to the subsequent

performance of the bond: The surfaces are wetted

to varying degrees; flow, squeezeout, and penetra-

tion of adhesive occur with varying segregation of

solid phase particles within the adhesive ; air pock-

ets are created ; contraction of the adhesive occurs

as a result of cure; and differential contraction of

adherend and adhesive occurs as a result of cooling

(if the curing is done at an elevated temperature).

These may be responsible for the establishment of

a complex stress system within the bonded assem-

bly. Additional stresses may be superimposed on

these from changes during aging of the bond in

service.

The theoretical aspects of the flow of a New-
tonian liquid between plates (analogous to adher-

ends) coming together at a certain rate were treated

by Stefan.^ The corresponding treatment for a non-

Newtonian liquid or a liciuid with suspended matter

(many adhesives contain "fillers" in suspension) is

much more complex. The point-by-point variation

in flow characteristics of an adhesive or adhesivehke

material between adherends can be studied by

means of X-ray radiography." In this manner, the

influence of surface roughness of adherends and

viscosity or viscoelasticity of adhesives can be ex-

amined.
Consider an assembly of two uniformly thin

sheets of aluminum bonded with an adhesive. Sup-

pose the assembly is uniformly irradiated with

X-rays of intensity h . If the thickness of the alu-

minum is Xai (g/cm') and its mass absorption co-

efficient is f/ai (cmVg) and if the corresponding

values for the adhesive are Xad and f/ad ,
then the

intensity of the transmitted radiation is

If C/ai • A^ai is held constant, any variation in mass

thickness or composition of the adhesive will effect

f/ad-Xad and therefore /. This can be followed by

radiographic techniques.

Two kinds of radiographic examinations can be

made:
(1) Photographic Detection. The X-ray opaque-

ness of the adhesive is enhanced by incorporating

compounds with elements having high atomic num-

bers. In one instance, the adhesive (a clear epoxy

resin) with catalyst was mixed with 20 per cent by

weight (about 3 per cent by volume) of white lead

(commercial paint pigment). The mixture was

spread on the mating faces of two 4- by 4-in. sheets

of acid-etched 1/32-in. aluminum. Five-mil cello-

phane "spacers" were set at each corner to estab-

lish the film thickness. Following cure at room tem-

perature, the panel was irradiated with unfiltered

X-rays from a tungsten target at 30 kv. The target-

to-specimen distance was 22 in. The photographic

film was in contact with the lower surface of the

panel. Fig. 1 shows the X-ray shadowgram or radio-

graph. The presence of trapped air bubbles is very
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"'. ^MM§;is

Fig. 1. X-ray shadowgram of an adhesive-bonded
akiminum

,

panel. The adhesive contained 20 per
cent by weight white lead. Rectangular sections at

corners and at center are spacers.

„j9». ^•.»'3iSs.> '!;

Fig. 2. X-ray shadowgram of an adhesive-bonded
aluminum panel. The adhesive contained 10 per
cent by weight of white lead. Spacers are present at

each corner.

clear, as is the apearance of a nonuniform distribu-

tion or varying thickness of adhesive layer. Fig. 2

is a similar radiograph. The adhesive here contained

10 per cent by weight of white lead. The movement
of the trapped air pockets during cure is clearly

revealed by the cometlike tails.

The incorporation of insoluble white lead simu-
lates the incorporation of inert filler in commercial
adhesives. Additional information, however, about
the flow characteristics of a viscous liciuid adhesive

between approaching plates is obtained if X-ray
opaqueness is obtained with a soluble additive.

Bromoform, for example, contains 95 per cent bro-

mine and is soluble in epoxy resins (even following

cure). With 17.6 per cent bromoform, pictures simi-

lar to those of Figs. 1 and 2 were obtained without
the presence of discrete opaque particles (unfil-

tered radiation).

(2) Dijjraciometric Detection. The previous

method used unfiltered radiation and photographic
detection. Useful information can also be obtained
by diffractometric detection of monochromatic ra-

diation. Bromine has a prominent absorption edge
at 0.920A. Its mass absorption coefficient is 135

cmVg- That for aluminum at this wavelength is 7

cmVg- Thus, at this wavelength, bromoform should
be excellent for imparting X-ray opaciueness to the

adhesive layer, relative to that of aluminum.

Isolated, cured adhesive films, containing 17.6

per cent bromoform and of varying thickness, were
prepared and the absorption of X-rays of two wave-
lengths measured: \ = 0.877A, very close to the

prominent absorption edge; and \ = 0.927A, on the

high wavelength side of the absorption edge. The
logarithm of the transmission is plotted against

thickness in Fig. 3. At a wavelength of 0.877A, the

mass absorption coefficient of the film is 0.0706

mils-^; at 0.927A, it is 0.0127 mils-\ The marked ef-

fect of using wavelengths slightly below and above
the absorption edge is clearly shown.
Two sheets of aluminum (uniform thickness)

were bonded with an epoxy resin containing 17.6

per cent bromoform. Adhesive-la3^er thickness w^as

deliberately varied over a 4-in. span by means of

spacers. Using a well-collimated X-ray beam of

wavelength 0.877A, the transmitted energy from
point to point through the entire assembly was
measured and related to the mechanically deter-

mined adhesive layer thickness (see Fig. 4). A
linear relationship is definitely indicated. The two
"wild" points it is beheved are due to the error in

measuring, with a mechanical gauge, the thickness

where the gradient is verj- sharp.

Such radiographic procedures sliould be u.seful

for studying some of the defects which can develop

within adhesive layers. They tell nothing about the
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nature of the interfacial bond; however, they can

reveal the character of the flow of complex non-

Newtonian liquid adhesives between approaching

soHd surfaces up to the moment when further flow

ceases because of cure. The correlation of these

characteristics with the mechanical performance of

adhesive bonds could add to our understanding of

the manner in which such bonds fail.
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See Semi-

F/LM THICKNESS (MILS)

Fig. 3. Relationship between logarithm of trans-

mitted energy and isolated adhesive film thickness

at two wavelengths. Adhesive contains 17.6 per cent

bromoform.

FILM THICKNESS (MILS)

Fig. 4. Relationship between the logarithm of the

transmission intensity across a very small area and

the mechanically determined thickness of the ad-

hesive layer between uniformly thick sheets of

aluminum.

ALKALOID STRUCTURES: DETERMINATION BY DIFFRACTION

The alkaloids as a group of naturally occurring

organic nitrogen compounds have attracted the at-

tention of chemists for many years. Their chemical

physiological and pharmacological properties have

always excited interest. To the organic chemist the

challenges of the many structural ramifications and

the possibihties of synthetic alterations have pro-

vided continued impetus to an exceedingly fasci-

nating and fruitful field of study.

The initial studies in the elucidation of alkaloid

structures were essentially based on chemical meth-

ods. With recent advances in instrumentation,

chemists have come to use and rely on physical

methods to a much greater extent. In particular the

tremendous advances in the techniques of ultra-

violet, infrared, N.M.R. spectroscopy and, to a

lesser extent, mass spectrometry have assisted con-

siderably in the determination of structures. The

X-ray crystallographic method born as a tool in

mineralogy has grown rapidly as an aid to chem-

istry and other sciences.

There are a number of factors which have con-

tributed to the rapid growth of the X-ray method.

It is one of the few tools which, with a knowledge

of the molecular formula of the compound, can be

used to give a complete and unique structural for-

mula. Also, in recent years chemists have become

increasingly aware of the significance of ring orien-

tation and bond conformation. This three-dimen-

sional aspect of structural organic chemistry and

the need to establish absolute moleclar conforma-

tions, requires a method giving a three-dimensional
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representation of the molecule. Perhaps one of the

most significant reasons, however, has been the de-

velopment of high-speed electronic computing ma-
chines,^ which have considerably minimized the

very real problem of the interpretation of the

X-ray diffraction pattern. The time thus saved by

using X-ray methods is often considerable, and is

an important factor. Thus the X-ray method ini-

tially used to confirm the conclusions of organic

chemists now plays an increasingly important role

in pioneer research into new structures."

Solution of the Structural Problem. The X-ray

method requires the use of a large enough stable

crystal (usually greater than 0.1 mm cross section).

The alkaloid base, salt or derivative of known mo-
lecular formulas have been used. Hydrates are

sometimes used as many of these are stable. Be-

cause the scattering atoms are distributed over a

certain region of space this gives rise to interference

affects which will cause the component scattered

wavelets to be out of phase. The solution to this

so-called phase problem is the fundamental diffi-

culty in the application of the X-ray method. How-
ever, even in cases where there is no direct infor-

mation on the phase constants, considerable

progress can be made by means of a judicious com-
bination of X-ray and chemical knowledge. Any in-

formation on the functional groups and possibly

ring systems present in the molecule will be useful.

A number of methods have been developed which

have been invaluable in giving a more direct solu-

tion to the phase problem. Two methods are the

heavy atom method and the isomorphous replace-

ment method. In the heavy atom method the mole-

cule is combined with a heavy atom (usually bro-

mine or iodine as a salt). Because the atomic

number of the heavy atom is substantially different

from those of the other atoms of the structure, the

electron density contribution from the heavy atom
will tend to predominate in the X-ray pictures taken

along different axes. The isomorphous replacement

method depends on the fact that two or more dif-

ferent atoms can be substituted in the same posi-

tion in the molecule without appreciably affecting

the arrangements or positions of the atoms. Though
this assumption is not always completely valid the

different spectra so obtained can often be used to

solve the structural problem.^ In the case of some
simpler molecules both of these methods have been
deliberately avoided in order to avoid undue dis-

tortion of the molecule and undesirable overlapping

effects.^

It is not generally possible to proceed directly

from the experimental data involving the positions

and intensities of the X-ray pattern to the calcu-

lation of the images. At one stage it is always neces-

sary to proceed by trial and error, though the use

of computers has helped considerably. There are

two main stages in the determination of the molec-

ular structure. First there is the location of the

atom sites in the correct region of the unit cell (i.e.,

the molecular skeleton) and then the refinement of

the height, shape and location of the electron-den-

sity peaks of these atom types and the types of

bonding between the atoms. The solution of the

phase problem leads to an electron density pro-

jection which reflects the complete distribution of

scattering matter in the unit cell and thus gives the

three-dimensional structure of the molecule.

Applications. The examples briefly outlined be-

low illustrate some applications of the X-ray
method and indicate clearly the increasing trend in

using this method to solve structural problems.

Confirmation of Established Structures. The
structure of morphine has been established by
chemical methods and synthesis but it seemed de-

sirable to confirm the stereochemistry of the mole-
cule. The purpose of the investigation was to dis-

tinguish between the structures (I) and (II) for

morphine.
Though the accumulated chemical evidence was

accepted, the structure was determined without re-

course to any of the initial postulates. The X-ray
work^ confirmed the structure I as the correct one.

Some of the points brought out in the X-ray analy-

sis were:

a) The benzene ring I is planar.

b) The carbocycHc rings II and III are nearly

planar.

c) The piperidine ring IV is nearly a regular

chair.

d) The hydrogen atoms at Cs.cu are cis to the

ethanamine chain and trans the oxygen atoms of

the five-membered ring.

The formula shown in Table 1 reflects these struc-

tural details. A preliminary note*^ indicates that the

chemically established structure" of the complex
steroidal alkaloid cevine III has been confirmed by
X-ray analysis.

Some other examples of this type of application

are also shown in the table.

HO-

I n

Alternative Structures of Morphine (I correct)
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Table 1,

Alkaloid and Formula

Cevine

Method and Comments

Heavy atom method on hydroiodide salt

C27H4308N-HI

Confirmation of structure and stereo-

chemistry.

Codeine

Morphine

(See Codeine above)

Ref.

6, 7

Isomorphous replacement method on

hydrobromide and hydroiodide salts

and heavy atom technique.

Ci8H2i03N-HX-2H20

Confirmation of stereochemistx-y and in

particular

:

(1) The mutual cis relationship of the

hydrogens at Cs , Ce and Ci4 rela-

tive to the Ci3-9 ethanolamine side

chain.

(2) The trans position of these relative

to the oxygen atom of the 5-mem-

bered ring.

Isomorphous replacement method using

hydrochloride and hydrobromide salts

CioHi60N-HX

Description of the molecule and deter-

mination of bond conformations. The

conformations about the C7-8 bond in

the salt were found to be different from

those predicted for the free base on

chemical evidence.

Heavy atom method on quaternary io-

dide. Ci7Hi903N-HI-2H20

Confirmation of stereochemistry.
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Table 1

—

Continued

Alkaloid and Formula

Muscarine

-/^K,

Method and Comments

Heavy atom method on quaternary io-

dide. CsHnOzN-CHsI

Confirmation of structure.

Ref.

10

a-Isosparteine

^7^
Structure determination on the free base.

Cl6H26N2-H20

Confirmation of the cis-cis configuration

of the bridge-head hydrogens relative

to the methylene bridge.

:]
Tropine Heavy atom method on hydrobromide

salt. CsHuON-HBr

Confirmation of trans configuration of

tropine.

XH,

HO'

C^H,

m
Cevine

Confirmation of Structure with Clarification

of Structural Details. The structure of the alkaloid

ibogaine from Tabernanthe Iboga was undeter-
mined at the initiation of the X-ray investigation.

C,H,

mo I2b

Ibogaine: a trcnis, b cis (correct)

The structure subsecjuentlj' published and deter-

mined by conventional chemical methods had one
ambiguity in the orientation of the eth}'! group

relative to the isoquinuclidine nitrogen. It was pro-

visionally assigned the trans configuration IVa on
the basis of optical rotator}^ dispersion curves and
the ease of methiodide formation.^'' The X-ray
method, while agreeing with all the other features

of the molecule showed, that the ethyl group was in



Table 2.

Method and Comments

Heavy atom method on bromohydrin

derivative. Ci6H2203N-Br

Ref.

20%

HBr

-OH

-Br

Annotinine Bromohydrin

Independent determination of structure

by X-ray and chemical methods.

Isomorphous replacement method on

methylene bromide and iodide com-

plexes. C22H2606N-CH2X2

Confirmation of chemical structure and

in particular:

(1) The existence of the tropolone ring

system was confirmed.

(2) The positions of the carbonyl and

methoxy groups in the tropolone

ring were unequivocally estab-

lished.

Ibogaine

Strychnine

Heavy atom method on hydroiodide

salt. C2oH2602N2-HI

Confirmation of structure and assign-

ment of CIS configuration to the ethyl

group at C4 .

r-^

(a) Heavy atom method on hydrobro-

mide. C2iH2202N2HBr-2H20.

(b) Isomorphous replacement method

using sulfate and selenate salts.

(c) Absolute configuration using hydro-

bromide salt.

The X-ray work confirmed the chemi-

cally proposed structure and estab-

lished the absolute stereochemistry.

15

16



37 ALKALOID STRUCTURES

fact cis to the isoquinuclidine nitrogen (IVb)."
Some other examples are listed in Table 2.

Independent Structural Analysis. There has
been an increasing tendency, particularly with the
many complex structures such as the terpenoid and
indole groups of alkaloids to resort to X-ray meth-
ods for complete structural determination. The
polyoxygenated Delphinium and Aconitum ster-

oidal alkaloids are a case in point. The alkaloids in

this group long resisted attempts to define their

structure. The chemical work is complicated by the
occurrence of rearrangements and abnormal reac-

tions so that the X-ray method seemed an obvious
method, which could be of great advantage to the
chemist. The alkaloid lycoctonine is of special in-

terest as its derivatives are found in both species
of plant. A suitable derivative was the compound
(+ ) des-(oxymethylene) -lycoctonine hydroiodide
monohydrate prepared from lycoctonine. The par-
tial formula Ci8H2oN-C2H5(OH)2(OCH3)4HI-2H20
was used as an aid in the determination of the
structure .^^ There are several other cases where both
chemical and X-ray studies have been carried on
concurrently in different laboratories. Recent stud-

ies on the alkaloids calycanthine V,'^ and caracu-
rine VI-° illustrate this approach. The structures
were determined independently by both chemical
and X-ray workers and were published simultane-
ously. The alkaloid samandarin, the poisonous con-
stituent of the European Salamander, represents
the unusual case of an alkaloid being found in an
animal. The publication of the structure VIP' in-
cluded both chemical and X-ray evidence. In the
case of the alkaloid echitamine VIII the provisional
chemical formulas proposed were shown to be in-

correct by the X-ray method.

"

Other examples are illustrated in Table 3.

The above discussion serves to show the very
significant contribution to the determinations of
structures being made by the X-ray method.

It seems clear that with the advent of more cen-
ters capable of doing X-ray work, much of the la-

bor in the determination of organic structures will

be eliminated.

The X-ray crystallographic method has thus be-
come another tool—a very elegant one indeed—in
the arsenal of techniques used for the determination
of organic structures.

V
Calycanthine Caracurine

H—NO

CH^OGC CH,OH

YE

Samandarin

vm

Echitamine
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Table 3.

Alkaloid and Formula

•»"0H
OCOCH,

Basic skeleton for Aconitine and Lycoctonine (see below)

Calycanthine

Caracurine-II

Method and Comments

Heavy atom method on demethanol aconinone

hydroiodide salt. C24H3608N-HI-3H20 = [X]

Ref.

23

OCH3 OCH3

CrOa

(-2H)

OH

Aconitine

o

Aconitinone

Heat

(-CH3OH)

Hydrolysis

(CH3CO—

)

~ (CeHsCO-)

[X]

Aconitoline 1

Structure solved simultaneously and independ-

ently by X-ray and chemical methods. The X-

ray solution was based on the partial formula

Ci9Hi7NC2H5(OH)4-0(OCH3)3-HI-3H20.

The chemical structure had an ambiguity in

the position of one OH and one OCH3 group.

Heavy atom method on hydrobromide salt.

C22H26N4-2HBr-2H20.

Simultaneous publication of identical structures

by both chemical and X-ray methods.

Heavy atom method on the quaternary dimeth-

iodide. C38H3802N4(CH3l)2 .

Simultaneous publication of identical structures

derived by chemical and X-ray methods.
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Table Z—Continued

Alkaloid and Formula

Echitamine

CM,

Gelsemine

-CH,

Himbacine

H O

Hunterburnii

Method and Comments

Heavy atom method on hydrobromide. C22H28-
04N2HBr-2H20.

Establishment of true formula. The provisional
chenjical formulae were shown to be incorrect.

Ref

Isomorphous replacement method on hydrochlo-
ride and hydrobromide salts. C20H22O2-
N2-HX.

Simultaneous determination of structure by X-
ray and chemical methods.

24

Heavy atom method on hydrobromide salt.

C22H3602N-HBr-H20.

Establishment of structure by independent
chemical and X-ray methods.

25

Heavy atom method on methiodide. C19H04O2-
N2CH3I.

Complete structural identification by the X-ray
method revealed a new group of indole alka-

loids.
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Table 3

—

Continued

Alkaloid and Formula

Lycoctonine

CH.

OCH^

OM ^

For skeleton see Aconitine above

Macusine-A

Method and Comments

Heavy atom method on des-(oxymethylene) ly-

coctonine hydroiodide. C24H3906N-HI-

H2O = [X].

-c-CH.oH -^^^ii^ -6-n.

Ref.

18

Lycoctonine [X]

The structure was solved by making use of the

partial formula: Ci8H2oN-C2Hb(OH)2-

(OCH3)4HI-H20

The absolute stereochemistry was also deter-

mined.

Heavy atom method on quaternary iodide.

C2lH2403N2-CH3l.

Chemical evidence gave indications of the struc-

ture. The chemical evidence agreed with the

structure determined by the X-ray method.

26

Isomorphous replacement method using hydro-

chloride, bromide and iodide salts. C19H31-

02N-HX.

X-ray and chemical methods were used together

to establish the structure of the molecule.
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ALLOY COMPOSITION ANALYSIS. See Gaugbs, X-Ray.

ALLOY CRYSTAL STRUCTURES. See THX2 Compound Alloy
Crystal Structures.

ALLOY MICROCONSTITUENTS ANALYSIS. See Microcon-
stituents.

ALLOY SUPERSTRUCTURES. See Superstructures.

ALLOYS: (COPPER-GOLD)

1. Introductory Survey of X-ray Achieve-
ments. The extensive repertoire of X-ray dif-
fraction techniques which has been growing for
about fifty years has provided the most direct
methods available for study of Cu-Au alloys when
determination of the crystalline structure is in-
volved. Here the concept of structure is a broad
one, and includes not only the regular structure
of a perfect crystalline lattice, which gives the
well-known sharp Bragg reflections of X-rays, but
also lattice distortions, and order-disorder phe-
nomena. Order-disorder phenomena occur in many
substances, and are associated with rearrange-
ment of the relative positions of the different
kinds of atoms present, such as copper and gold,
on the crystal lattice. The departures from per-
fection change the Bragg reflections and give rise
to diffuse X-ray scattering between the Bragg
peaks. Also, ordered structures give additional
Bragg reflections, called superstructure reflec-
tions.

Copper-gold alloys have figured importantly in
studies of binary alloys for both historical and
practical reasons. The first X-ray difl"raction work
on Cu-Au alloys was reported by Bain in 1923,
when he gave the first direct evidence for ordered

structures. Such structures had been thought to
exist, having been deduced from observations of
how certain physical and chemical experiments
depended on composition, but the observation of
X-ray superstructure reflections in several binary
alloys, including CusAu, placed the concept of
ordered structures on firm ground. Shortly after-
wards, the first extensive X-ray diffraction anal-
yses of ordered alloy systems, including Cu-Au,
were performed by Johansson and Linde. Within
a few years, copper-gold alloys were a favorite
object of study for order-disorder and the kinetics
of reactions in the solid state, and have often been
the prototype for studies in other alloys. Order-
disorder phenomena are of preoccupying interest
in the Cu-Au system; the relatively large X-ray
diffraction and electrical resistivity effects in
copper-gold alloys have contributed to their
popularity.

Experimental X-ray diffraction studies in Cu-Au
alloys may be generalized in the following way.
The state of the alloy is first defined by specifying
how a specimen is prepared, such as by heat treat-
ment, irradiation, etc. Either equilibrium or non-
equilibrium states may be involved. The primary
objective may be to use diffraction techniques to
determine parameters of the structure for that
state of the alloy. Physical properties such as
Hall coefficient or magnetic susceptibility may
then be correlated with a given structure deter-
mined by X-ray diffraction, when these properties
are measured for specimens which presumably
have been placed in the same state. Sometimes
the diffraction measurements are made simul-
taneously with measurements of a physical prop-
erty, when it is desired to correlate that property
directly with the structure of the alloy. This has
been done to some extent, for example, to correlate
the state of order with electrical resistivity and
lattice parameter. Care must be exercised in the
use of such results to establish secondary, indirect

measures of order. For example, a given value of

the resistivity or lattice parameter can correspond
to a wide variety of states of order.

Theoretical studies are concerned primarily
with obtaining useful mathematical descriptions
of the diffracted X-ray intensity from a given
assumed structure, or conversely, with methods
of handling experimental data, to deduce the
structure which gives rise to an observed inten-
sity distribution. Considerable theory has also

been developed in connection with the thermo-
dynamic behavior of order parameters derived
from diffraction results.

The subject matter will be divided roughly into

the following categories: (1) ordered structures
and the phase diagram, (2) order parameters, (3)

atomic displacements and lattice distortions, (4)

kinetics and phase transformations. Work is being
actively carried out toda}- in all of these cate-

gories.

The earliest X-ray diffraction work on Cu-Au
alloys was concerned with identifying the various
equilibrium solid phases, and mapping the phase
boundaries in the temperature versus composition
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phase diagram. Considerable work remains to be

done on this, especially where rates of approach

to the equilibrium state are very slow.

Subsequent diffraction studies examined the

nature of the order-disorder phase transforma-

tions, and their relation to the kinetics of atomic

diffusion processes. Recent work on diffvision

processes emphasizes the role of defects, especially

vacancies (unoccupied lattice sites) generated

thermally or by irradiation.

The first X-ray diffraction observations of dis-

tortion or displacement effects in copper-gold

alloys dealt with cold work deformation. It was

also recognized that the difference in size between

copper and gold atoms could result in local atomic

displacements from the average lattice sites in a

disordered solid solution, and considerable prog-

ress has been made in this topic. The study of

X-ray scattering from point defects, clustered

defects, and thermal waves remains relatively un-

touched for Cu-Au alloys.

42

Several recent reviews of order-disorder phe-

nomena exist, such as those of Muto and Takagi,^

and Guttman.2 Somewhat more general informa-

tion on Cu-Au alloys is found in Hansen and

Anderko,3 and Gmelins.^ All these have extensive

references, including the original work whose re-

sults are described but not referenced in this

article.

2. Ordered Structures and the Phase Dia-

gram. There is at present no entirely satisfactory

phase diagram available for the Cu-Au system.

The phase diagram shown by Hansen and Anderko

is given in Fig. 1. It is reasonably complete and

up-to-date, although it does not show CusAu II,

or phase boundaries at lower temperatures.

Structures. Copper-gold alloys at elevated

temperatures form a series of disordered face-

centered cubic (FCC) structures for all composi-

tions. The unit cell is shown in Figure 2(a). The

four sites per unit cell represent four interpene-

trating equivalent sublattices, each of which is

WEIGHT PER CENT GOLD
60 70 75 80 85

I I

30 40 50 60

ATOMIC PER CENT GOLD

Fig. 1. Cu-Au phase diagram (Hansen and Anderko).^ CusAu II not yet included
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simple cubic. The Cu and Au atoms are distributed'

on each sublattice with a probability given by the

atomic fractions nicu and mAu , according to the

average composition of the alloy. No sublattice is

preferentially copper or gold (no long-range

order). There is a tendency for individual atoms
to have unlike atoms for nearest neighbors (short-

range order), but this correlation does not extend
to large distances. The X-ra}^ diffraction pattern
for the disordered structure shows Bragg reflec-

tions only for hkl indices which are all odd or all

even (unmixed parity).

At lower temperatures, ordered (long-range

order) structures are found, especially at com-
positions near certain stoichiometric ratios of

copper to gold atoms, such as 3:1 or 1:1, below a

critical temperature Tc , which is a function of

composition. The four sublattices are no longer
equivalent; there is a decrease in crystal sym-
metry. The X-ray diffraction pattern changes by
the appearance of superstructure Bragg reflec-

tions, which have hkl indices of mixed parity.

The fundamental reflections, those which occur
for the disordered structure, are also present.

These are generally shifted slightly in position be-

cause of small changes in lattice parameter, and
may be split or broadened on a powder pattern,

because of departures from cubic symmetry.
The unit cell for ordered cubic CusAu (CusAu I)

is shown in Fig. 2(b). One sublattice, say at the
origin of the unit cell, is occupied predominantly
b}^ Au atoms, while the other three are occupied
predominantly by Cu atoms. The lattice is simple
cubic. The critical temperature Tc is about 390°C
for ifiAu = 0.25. Ordered CusAu does not appear
to exist for mAu less than 0.17.

Figure 2(c) shows the unit cell for ordered tet-

ragonal CuAu (CuAu I). The structure can be
thought of as alternating layers of Cu and Au
atoms, with a slight contraction in a direction
perpendicular to the layers. At wau = 0.50, Tc is

about 385°C for CuAu I. Between about 385°C
and 410°C, the structure is ordered orthorhombic
CuAu II.

Ordered CuAus might be expected to have the
same structure as CusAu I, except for the reversal
in the identity of the Cu and Au atoms. However,
CuAua orders reluctantly; even then, it appears
always to contain antiphase domains of an aver-
age size about 50 A, as seen by broadened or dif-

fusely split superstructure X-ray reflections.^' ^

Batterman^ was not able to obtain any observable
ordered structure for mAu = 0.78 and greater, in
one month at 160°C. At wau = 0.75, Tc is about
200 °C.

There has been indirect evidence presented in
the past for an ordered structure CusAuo at nixu =
0.40. The existence of this structure is now gen-
erally doubted.

Two other distinct equilibrium structures are
found in the Cu-Au alloy system. Each may be
derived from a simple ordered structure described
above, by the introduction of periodic antiphase
(out-of-step) boundaries. Across each boundarv.

the unit cell is shifted by a vector displacement
which is equal to one of the interatomic vectors in

the unit cell. Crossing two boundaries restores
the original configuration. The average boundary
spacing is expressed as a multiple M/2 of the edge
of the simple unit cell. It is not strictly possible
to construct a supersized unit cell for these struc-
tures, one by one by M simple cells, since meas-
ured average values of M are not generally whole
numbers, and appear to depend on both tempera-
ture and composition.
The X-ray diffraction patterns of these struc-

tures with a periodicity in structure factor are
typified by a splitting of some of the superstruc-
ture reflections. The split components are dis-

placed from the normal superstructure positions
in reciprocal space by an amount proportional to
1/M. Sometimes harmonics of 3/M can be de-
tected. The sharpness of the split components
shows the high degree of periodicity of the anti-
phase boundaries.

The CuAu II structure is derived from the
CuAu I structure by introducing a vector shift of

Fig. 2. Cu-Au alloA' structures: (a) Disordered
(b) CusAuI; (c) CuAu I.
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(a2 + a3)/2 at intervals separated by Mai/2.

In addition, the
|
ai 1/| a2

|
ratio changes slightly.

For uiAn = 0.50, M is 10, while for niAn = 0.40 and

0.60, M is about 11. CuAu II is found between

about 385°C and 410°C for wau = 0.50, and at

lower temperatures for niAu from about 0.36 to

about 0.65.

The CusAu II structure, which has been re-

ported recently by Scott, ^ is analogously derived

from CusAu I by introducing a vector shift of

(a2 + a3)/2 at intervals Mai/2. For niAn = 0.32,

M is from about 16 to 18. CusAu II has not been

observed for wau = 0.25, where normal CusAu I

apparently transforms directly into the disordered

form, with increasing temperature. It has been

observed for wau = 0.29 and 0.32, where it lies

between CusAu I and the disordered form on the

phase diagram. Similar structures observed for

wau = 0.25 give only diffuse split reflections and

do not appear to represent the equilibrium state.

Phase Transformations. At least most of the

phase transformations in the Cu-Au alloy system

appear to be of the "classical," first-order type;

that is, where boundaries in the phase diagram

are not horizontal, transformations under equi-

librium conditions pass by way of two-phase re-

gions where two phases of slightly different com-

position coexist over a finite temperature interval.

X-ray diffraction offers a straightforward means

for observing these two-phase regions, when care

is taken to obtain the equilibrium state in the

alloy at any given temperature. There are essen-

tially two techniques. A discussion may be found

in Barrett. 8 The first is to observe the change in

relative intensity of the diffraction patterns from

each phase. The second is to relate change in

lattice parameter to the composition difference

across the tie line in the two-phase region.

The following equilibrium sequences for in-

creasing temperature on the phase diagram have

been studied by X-ray diffraction.

The transformations are well known at stoichio-

metric compositions where the boundaries in the

phase diagram are horizontal.

(1) WAu = 0.25, CusAu I -^ Disordered

(2) niAn = 0.50, CuAu I -^ CuAu II -^ Dis-

ordered

Because of sluggish ordering, not much is know^n

about CuAus transformations. The phase bound-

ary below the disordered form does not appear

to be horizontal.

At nonstoichiometry,

(3) WAu = 0.32,

(a) 7 CusAu I -> CusAu I + CusAu II -^

CuaAu II

{by CusAu II -^ CusAu II + Disor-

dered -^ Disordered

(4) niAu = 0.49,

(a) CuAu I -^ CuAu I + CuAu II -^

CuAu II

wau = 0.43 and 0.54,

(b) CuAu II -^ CuAu II + Disordered -^

Disordered

Also, a eutectoid transformation from the dis-

ordered form, at wuu = 0.36 and at 284°C, above

a two-phase region of CusAu and CuAu has been

observed.^"

3. Order Parameters. The order parameters

for an alloy system such as copper-gold describe

the relative positions of the two kinds of atoms

on the crystal lattice. This is generally done in

terms of three types of order parameters: (1)

long-range order (LRO) parameters, which give

the degree of repetition of the arrangement of

atoms in the unit cell, over very long distances

in the crystal; (2) short-range order (SRO) param-

eters, which give the average correlations for like

and unlike atoms, at given atomic separations;

(3) distribution of antiphase (out-of-step) bound-

aries, whether distributed randomly or in a peri-

odic structure.

Long-Range Order. The Bragg and Williams

LRO parameter S is defined in terms of sublattices

a, assigned to A atoms, and sublattices /3, assigned

to B atoms. Then for stoichiometric compositions,

S = Ta — W0 , where Va is the fraction of a-posi-

tions rightly occupied, and wp is the fraction of

/3-positions wrongly occupied. For perfect order,

S = I, while for complete randomness, S = 0.

Bethe Order Parameter. The Bethe short-

range order parameter a has often been employed

in thermodynamic theories of order. The SRO
parameters aimn defined in the next paragraph

are more generally useful for X-ray diffraction

work. Bethe's o- is defined in terms of nearest

neighbor atoms only. If q is the fraction of nearest

neighbor pairs which are unlike atoms, with values

Qr for complete randomness and qm for best order,

then a = (q - qr)/{qm - qr). For perfect order

0- = 1, and for complete randomness a = 0. For

CusAu (wuu = 0.25), o- = 4g - 1.

Short'Range Order Parameters. The SRO
parameters aimn are defined for all neighbors. If

aia2a3 are the axes of the unit cell, then with any

atom as origin, the position of another atom is

given by n^n = lsii/2 + ma2/2 -\- naz/2, where

for copper-gold, Imn are integers such that I +
m + 71 is even. If Pimn is the probability of finding

an A atom at an Imn position with respect to a 5
atom, and rriA is the atomic fraction of A atoms,

c,i^^ = 1 - Pimn/niA . This form is useful for single

crystal work. An average may be taken over all

atoms in a coordination shell, that is, for a con-

stant value of (^2 + w2 -f n^y'K If there are a
atoms in the i^^ coordination shell, of which a

fraction m are A atoms, the average parameter

for shells with B atoms at the center is defined as

ai = 1 — ni/niACi .

These SRO parameters have the value zero for

complete disorder, and a value for perfect order

which depends on the structure. Negative values

of ai indicate a preference for unlike i^^ neighbors;

positive values indicate a preference for like i^^

neighbors. For perfectly ordered CusAu (niAu =

0.25), ai = -f 1 for even coordination shells, and

-li 'for odd coordination shells. The values of

ai for very large i may be expressed in terms of

the LRO parameter S. If S is taken to be the same
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Fig. 3. Example of two-dimensional antiphase
boundary.

for each sublattice, then for wau = 0.25, ai even ->
S^ and Q!i odd -^ -aSV3. Cowley^i has developed
the use of separate LRO parameters for. each
sublattice.

Antiphase Boundaries. The word "antiphase"
is not to be confused with derivatives of the word
"phase" in the sense of the phase diagram. The
term refers to the occurrence of a shift of the unit
cell of an ordered structure, by a vector displace-
ment equal to one of the interatomic vectors of
the unit cell, in passing from one region of the
crystal to another region. Such regions are called
antiphase domains, or "out-of-step" domains,
and the diffracted X-ray waves from two such re-
gions are 180° out of phase for certain superstruc-
ture reflections. An antiphase boundary is illus-

trated in two dimensions in Figure 3, where the
shift is ai/2.

Antiphase domains appear to occur in two differ-
ent ways: (1) in equilibrium ordered structures,
such as CusAu II and CuAu II, where the spacing
between antiphase boundaries is highly periodic,
(2) during nucleation of the ordered phase on the
lattice of the disordered structure, in which case
the boundary spacing is more random. If there is

a fundamental connection between these cases,
it is obscure. The former is described above, under
Structures, the latter below, under The Ordering
Process and Antiphase Domains.
LRO Measurements. The structure factor F

of a superstructure reflection is proportional to
S, and so the integrated intensity is proportional
to S^. For a fundamental reflection, F is independ-
ent of *S. It is therefore possible to determine S
from the relative magnitudes of the integrated
intensities of the superstructure and fundamental
reflections.

A generally expedient method is to use a flat

powder specimen and a Geiger counter spectrom-
eter, with linear strip chart recording. Then the
integrated intensity for a reflection is proportional
to the area under the peak on a 2d scan. The areas
must be corrected for various factors which de-
pend on angle, including structure factor, multi-
plicity, the appropriate technique and polariza-
tion factors, Debye temperature factor, surface
roughness absorption factor, and background.
For other than approximate work, the effects of
extinction and of wavelength dispersion in the
atomic scattering factors must be considered.
The measurements of Keating and Warren^^ for

CusAu (mAu = 0.25) are shown in Figure 4. Crys-
tal monochromated radiation was used both for

i.O
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Fig. 4 Long-range order parameter S for CuaAu. Experiment, Keating and Warren;^
theory, Cowley .^^
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quenched specimens and at temperature. It is seen

that S is about unity at low temperature, de-

creases to about S = 0.8 just below the critical

temperature, and then drops rather precipitously

to zero. The measurements are compared to a

theory of Cowley. ^^

For CuAu I (//;au = 0.50), Roberts^^ found that

S decreases only to about >S = 0.97 at Tc = 380°C.

Above this temperature CuAu II is the stable

form up to about 410°C.

Batterman^ found for CuAus (wau = 0.75) that

S = 0.87 approximately, near Tc . Because of the

difficulties in ordering CuAus ,
this may not be

an equilibrium value.

SRO Measurement. The measured intensity

from diffuse scattering is plotted in reciprocal

space, which is based upon the three reciprocal

axis vectors bib^bs . These are transformations

of the three axes aia^aa of the unit cell of the

crystal lattice. For mutually perpendicular axes,

as^in Cu-Au alloys, bi = ai/1 ai l^,
etc. The inci-

dent and diffracted beam directions relative to

the crystal or reciprocal space are defined by the

unit vectors so and s. For a scattering angle 26

and wavelength X, the diffraction vector H has

magnitude (2 sin 0)/X, and

H = (s - so)A = 2/?.ibi + 2h-2b2 + 2h,hz (1)

The Bragg reflections occur for values of the re-

ciprocal space coordinates hih^hz equal to one half

of the hkl indices of the reflection; e.g., for hkl =

110, hih.hs 1,0.

It was shown by Warren, Averbach and Rob-

ertsi^ that the disorder diffuse scattering Id for

N atoms with atomic scattering factors Ja and

Jb may be expressed in electron units as

iD/NmAfnBifA — Ib)^

J2 ocimn COS 2Trilhi + mho + nh)
Imn

- Y. ^imn27r{lhi -f mho + nh) sin 27r

Imu

(2)

-fffJq Jq Jq
COS 2Alhi + mh2 -f nhz)
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(3)

• dhidhidhz

The integrals may be carried out over any cell

in reciprocal space. However, it is generally ad-

vantageous to do so as near as possible to the

origin of reciprocal space, where the disturbances

due to temperature effects and the size effect are

relatively small. In practice the integrals are

approxirnated by finite sums, and a harmonic

analysis device such as Lipson-Beevers strips is

used.

The values «;„,„ may be appropriately aver-

aged to obtain the ca for the coordination shells.

The ai may be obtained in principle from powder

specimens, but single crystal measurements give

inherently more accurate results. For single crys-

tal measurements, it is convenient to employ a

technique such as that described by Cowley,^'

using a Geiger counter spectrometer with a special

holder for single crystals, keeping equal angles of

incidence and reflection with respect to the face

of the specimen.

Measurements by Cowley^^ of the disorder dif-

fuse scattering from a single crystal of CusAu

(mAu = 0.25) held at 405°C are shown in Figure 5.

Only a portion of the figure represents actual

measurements ; the rest was constructed by assum-

ing symmetry. Diffuse, disk-shaped peaks due to

short-range order occur about the points where

the superstructure peaks would occur for the

structure with long-range order. SRO parameters

ai obtained from the data are given in Table 1.

Above the critical temperature, the SRO param-

eters do not follow the alternation characteristic

of perfect order.

For other stoichiometric compositions, the

diffuse scattering has been measured by Roberts^^

for CuAu (wAu = 0.50), and by Batterman^ for

CuAus (mAu = 0.74). Distortions due to the size

{lh^+ mho + nh)

The first term on the right is /sro ,
the diffuse

scattering due to short-range order. The second

term is /se , the atomic size effect scattering,

which in general interferes with determination of

the ai„,n from diffuse scattering measurements,

and must be corrected for. The size effect is de-

scribed more fully below, under Atomic Displace-

ments and Lattice Dejormations. The observed

diffuse scattering must also be corrected for Comp-

ton scattering, air scattering, a temperature

factor, i« and temperature diffuse scattering. In-

tensity due to extraneous wavelengths, such as

fluorescence, or X/2 from a crystal monochroma-

tor, can often be eliminated by using a propor-

tional counter or a Geiger counter with balanced

filters.

/sro is periodic in reciprocal space. The param-

eters airan are obtained from the measured /sro

by a Fourier inversion.

(220)

(200)

Fig 5 Measured diffuse intensity for smgle crys-

tal of CusAu held at 405°C, showmg short-range

order peaks ( Cowley ).^^
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effect become more severe for increasing gold
content, hindering the accuracy of these deter-
minations. Borie^* has since shown a method of

correction, described below under Atomic Dis-
placement Disorder.

Equilibrium Partial LRO. Chipman^^ has ex-
amined the superstructure reflections and diffuse
scattering which occur simultaneously for a single
crystal of CusAu (mAu = 0.244) quenched from an
equilibrium state of partial long-range order
{S = 0.80) at 380°C, a little below the critical

temperature. His measurements of >S and the
SRO parameters ai indicate that the physical
picture of equilibrium partial LRO corresponds
neither to (1) an agglomeration of antiphase do-
mains, as is formed during the ordering process,
with domains touching so as to preserve first-

neighbor short-range order, nor (2) randomly dis-
tributed wrongly occupied sites. They are con-
sistent with the picture of small antiphase domain
platelets, parallel to any of the set of [100] planes,
about one atom thick and containing about 9
atoms on the average. A strong tendency for
wrongly-occupied sites to preserve short-range
order is thus indicated.

4. Atomic Displacements and Lattice Dis-
tortions. Temperature Effects. Two diffraction
effects due to the thermal vibration of the atoms
on the lattice are well known. The first is the re-
duction of the intensities of the sharp Bragg re-
flections by the Debye factor exp (-2M) =
exp [-25(sin2 d)/\''], where B is proportional to
the mean square vibrational amplitude of the
atoms. The second is the temperature diffuse
scattering, which is concentrated around the
Bragg peaks, and which may be considered as the
result of diffraction from the set of thermal waves
(phonons) of which the thermal motion of the
atoms is composed. A rather complete discussion
is given by James. ^o

In connection with the first, Quimby^i has cal-
culated the mean Debye temperature Qd for
CusAu, which may be used to evaluate B. Chip-
mani9 experimentally evaluated separate factors
exp (-Mau) and exp (-Mcu) in his study of
ordered Cu.iAu, to avoid appreciable inaccuracies
at other than small (sin d)/\.
The theory and measurement of temperature-

diffuse scattering from binary alloys are in only a
primitive state at present.
Walker and Keatingi" have shown that short-

range order scattering is reduced at high (sin d) /\
by a temperature factor.

Atom,ic Displacement Disorder. Because of
a difference in size of almost 10 per cent between
copper and gold atoms, the equilibrium position
of each atom in a disordered Cu-Au alloy is ex-
pected to be slightly displaced from the site of
the average lattice. The diffracted X-ray intensity
from such an arrangement shows the following
effects as a result of these static displacements:

(1) Size effect diffuse scattering. The disorder
diffuse scattering, which includes the short-range
order peaks (Fourier cosine series), is modulated
by a sine series. To accuratelv evaluate the SRO
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Table 1

Coordi-
Shell nation Coordinates Perfeet Order Experiment

i Number
Ci

ilmn) «i
405 °C

1 12 1,1,0 -0.333 -0.152
2 (3 2,0,0 1.00 0.186
3 24 2,1,1 -0.333 0.009
4 12 2,2,0 1.00 0.095
5 24 3,1,0 -0.333 -0.053
6 8 2,2,2 1.00 0.025
7 48 3,2,1 -0.333 -0.016
8 6 4,0,0 1.00 0.048

parameters, the diffuse scattering must be cor-
rected for this effect.

(2) A reduction and broadening of the short-
range order peaks, especially at high (sin e)/X,
causing measured values of the SRO parameters
ai to be too low.

(3) Pseudo-temperature factor. The sharp
Bragg reflections are reduced in intensity by a
factor exp (-2M'), similar to the Debye temper-
ature factor.

(4) Huang effect diffuse scattering, similar to
the temperature diffuse scattering. This is con-
centrated near the reciprocal lattice points of the
fundamental reflections, along a line from the
origin through each point.

The size effect was shown by Warren, Averbach
and Roberts, 1^ who considered interatomic vectors
between a given atom and an atom in its i^^ co-

ordination shell, to be of three kinds, depending
on the identity, A (copper) or B (gold), of the
atoms. The vectors differ from the average fi by
fractions

""
i i i

^AA > ^AB ) ^BB'

Thus the interatomic vectors are given by

r\A = rid + e^^^),

etc. Equation (2) results for the disorder diffuse

scattering.

The cosine series expresses the diffuse scattering
due to short-range order as a function of the SRO
parameters aimn . The second sum shows a modu-
lation of the diffuse scattering b}^ a sine series,

with terms which increase in magnitude with
greater distance from the origin of reciprocal

space. The quantities 0i,nn are the size effect co-

efficients, defined for coordination shell i (or

coordinates bun) as

V - I
[ \mB I

(4)

+

where -q = j'bIJa The /S, coefficients are therefore
related directly to the average local displace-
ments
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Fig 6. Intensity along hxOO line for single crystal

of CusAu quenched from 500°C (Warren, Averbach

and Roberts). '" (A) measured intensity; (B) cor-

rected intensity; (C) nearest-neighbor size etlect

correction.

^AA and e^B,

and also depend on the degree of short-range order.

Measurements^^ along with the /iiOO line in re-

ciprocal space for a single crystal of disordered

CusAu quenched from 500°C are shown in Figure 6.

The observed unequal valleys between the funda-

mental reflections and SRO diffuse peaks are

accounted for by a size effect correction term pro-

portional to /?i sin 27r/2i . Evaluation of such cor-

rection terms gives quantitative information

about the interatomic distances in the disordered

alloy, and may be compared with information on

lattice parameter changes as a function of order

and composition.

Effects (3) and (4) have been described by

Huang, 22 for a model based on a dilute, random

distribution of deformation centers. Borie^^ has

given a unified treatment of all four effects, not

restricted to dilute solutions, for which experi-

mental observations are also presented.

Borie^^ has also shown a general method for
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separation of the combined effects of the sine and

cosine series on experimental data. As gold con-

tent increases, the size effect causes greater dis-

tortion of intensity measurements for the deter-

mination of SRO parameters. He has applied the

method to a portion of the results of Roberts, ^^

for a single crystal of CuAu quenched from 500°C.

These results are expected to contain a ^higher

degree of SRO than for equilibrium at 500°C, but

there is less interference from temperature diffuse

scattering. Figure 7(a) shows the data corrected

only for angular dependence of structure factor

and polarization. Figure 7(b) shows the complete

size effect correction applied. The patterns have

been assumed to be symmetric about a 45 degree

line from the origin.

Cold Work. Cold work distortion arises from

inelastic mechanical deformation of the lattice at

temperatures too low for the effects to be relieved

through atomic motion. Cold work affects the

Bragg X-ray reflections, which in general may be

broadened, shifted in position, or changed in

shape.

For an ordered Cu-Au alloy, the X-ray super-

structure reflections show additional effects. With

increasing deformation, the superstructure re-

flections broaden more than the fundamental re-

flections, decrease in intensity, and finally dis-

appear. Also, short-range order decreases. The

extra broadening of the superstructure reflections

is attributed to the introduction of antiphase

boundaries by slip during cold work, which m
effect reduces particle size for the superstructure,

but not the fundamental reflections. X-ray and

other measurements of the effects of cold work on

CusAu are described by Cohen and Bever,24 ^ith

extensive references to prior work.

5. Kinetics and Phase Transformations.

The Ordering Process and Antiphase Do-

mains. It w^as early recognized that when an

ordered structure such as CU3AU I nucleates at

separate locations on the disordered lattice, the

site taken by the gold atoms may be any one of the

/), = 1

h2 =
/7, = /7i=1

7040 20
70 40 20 20

(0)

Fig 7. Complete size effect correction for CuAu (Bone).- (a) diffuse intensity measured

by Roberts;" (b) size effect correction apphed.
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four sublattices. When these separate regions

grow together, the gold sites do not generally

coincide, and so antiphase domains are formed.
The ordering process in Cu^Au was followed by

X-ray and resistivity measurements in the work
of Sykes, and his co-workers, Jones and Evans.
They showed that growth of order, upon reheating
after a quench from high temperature, proceeds
in two steps: (1) a slow process of growth of anti-

phase nuclei; (2) a more rapid process of increase
in the degree of order within each antiphase do-
main. After growth of antiphase domains has been
completed, subsequent approach to equilibrium
order at another temperature proceeds by the
second, relatively rapid process. A correlation

was made between resistivity and average anti-

phase domain size measured by the broadening
of the superstructure reflections, using the Scher-
rer broadening equation. They found that the
apparent domain size depended upon which super-
structure reflection was used. This led Wilson to
conclude that antiphase domains formed in the
ordering process tend to meet along [100] planes,
and the local order is preserved at the boundaries.
Guinier and Griffoul have also observed anti-

phase domains, in a single crystal of CusAu at an
early stage of ordering. They found a diffuse,

cross-shaped intensity distribution about nascent
superstructure reflections. This pattern is inter-

preted as corresponding to antiphase domains
parallel to [100] planes, with a distribution in

thickness centered near 150 A. Essentially the
same result was obtained for a variety of incipient
ordering treatments. These observations appear
to correspond to a stage before the small antiphase
domains are absorbed by the large, after which
there may be only a few antiphase domains in a
crystal.

The ordering process in CuAu was studied with
X-ray diffraction by Kallback, Nystrom and
Borelius. They observed half-times as a function
of temperature for several transformations, in-

cluding Disordered -» CuAu I. It was found that
the ordering proceeds below 350°C at a rate which
is exponentially dependent on temperature, im-
plying a single-step process limited by diffusion.

Nearer the critical temperature ordering times
are longer, presumably corresponding to a nucle-
ation process.

Diffusion and Radiation Effects. The pre-
dominant mechanism of atomic diffusion in order-
ing of Cu-Au alloys is understood to be migration
of vacancies. A vacancy is presumed to leave be-
hind it a wake of order as it migrates through the
crystal in its finite lifetime, before it diffuses out
of the crystal or is otherwise trapped or annihi-
lated. Vacancies may be generated by thermal
excitation or by irradiation. Irradiation also pro-
duces other defects, such as interstitials.

The primary process of radiation damage is

transfer of kinetic energy from a bombarding
particle, by collision with the nuclei of the atoms
on the lattice. For detailed information on radia-
tion effects, Dienes and Vineyard^s or Billington
and Crawford^e may be consulted.

Extensive irradiation with particles such as
neutrons will cause disordering in CusAu, with
reduction of the intensity of the X-ray super-
structure lines. This is presumed to occur through
mechanisms such as thermal spikes or replace-
ment collisions. In thermal spikes, energy is trans-
ferred to the atoms in such a way as to cause spots
of momentary high local heating involving per-
haps 10^ atoms, with resultant quenched-in dis-
order. In replacement collisions, the knock-on
atoms from the neutron collisions enter into a
dynamic exchange of position, in which moving
interstitial atoms take the place of lattice atoms,
which then become moving interstitials.

On the other hand, irradiation can cause order-
ing, if the specimens are simultaneously or sub-
sequently annealed at about 150 °C. This annealing
stage at 150°C has been identified as motion of
vacancies, by comparing results of thermal and
irradiation treatments. It has been found that
CusAu quenched from above 600°C behaves differ-

ently from CusAu quenched from below 600 °C.
Besides changes in physical properties, and the
150°C annealing stage, effects may be observed
by X-ray diffraction. Borie and Warren27 found a
higher degree of short-range order in specimens
quenched from above 600°C. Feder and Nowick^s
found that such specimens ordered at 210°C show
a prompt broadening on the high-angle side of
the fundamental reflections.

Attainment of Equilibrium. It is essential to
the conclusions of experimental studies in which
the intention is to examine an equilibrium state,
that all reasonable measures have been taken to
show that the specimens were in fact at equilib-
rium. Difficulties often arise when ordering times
are unusually long, or when unsatisfactory cri-

teria are used.

The times required for Cu-Au alloys to disorder
from an ordered state are relatively short. For
CusAu, for example, Cowley^^ found that 15 min-
utes was sufficient time for disappearance of the
superstructure reflections. The rapid rate of
change of short-range order has been observed, i^

in the much larger SRO peaks in quenched speci-
mens compared to specimens held at tempera-
ture. A considerable increase in SRO takes place,
even in the short time required for the quench.
Nevertheless Rhines, Bond and Rummel^^ found
that days may be required for attainment of equi-
librium, when the disordered form exists at fairly

low temperatures, or for nucleation of the dis-

ordered form at only slight superheating.
In contrast, the time required to reach the

equilibrium state can be ver}^ much longer for
ordering processes. Cowley found that at least 70
hours were necessary for no further change in

superstructure lines, even though his ordering
temperatures were not particularly low. The nec-
essar}' times may become especially long in proc-
esses involving extensive atomic migration, such
as composition segregation in a two-phase region,
motion of antiphase boundaries, or when the
temperature is low. Required annealing times may
then run into months, or even be impractical to
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obtain. In these cases, enhanced diffusion may
be useful.

It is generally a convincing argument that a

given result represents the equilibrium state when
it has been obtained from more than one direction,

as from both higher and lower temperatures. Such

a procedure does eliminate "hysteresis" effects.

However, even this criterion must be used with

caution, for it is difficult to say that further

changes would not have taken place with further

waiting. Some step in the kinetic processes may
be extremely slow, or the particvilar observable

used to judge equilibrium may not be sensitive

to significant departures from equilibrium.

A further experimental difficulty in identifying

an equilibrium state may arise from thermal

gradients. It is not unusual for a furnace in an

experimental arrangement to allow a difference

of several degrees centigrade across a specimen,

so that measurements are made on what is effec-

tively many specimens, representing equilibrium

over a small range of temperatures.

References

1 T Muto and Y. Takagi, "Solid State Physics,"

Vol. 1, pp. 193-282, New York, Academic

Press, 1955.

2. L. Guttman, ''Solid State Physics," Vol. 3, pp.

145-223, New York, Academic Press, 1956.

3 M. Hansen and K. Anderko, "Constitution of

Binarv Alloys," p. 198, New York, McGraw-
Hill, 1958.

4 "Gmelin's Handbuch der anorganischen Chi-

mie," System No. 62 (Gold), pp. 882-930,

Verlag Chimie, Weinheim/Bergstrasse, Ger-

many, 1954.

5. B. W. Batterman, J. Appl. Phys. 28, 556 (1957)

6. M. Hirabavashi, J. Phys. Soc. Japan 14, 262

(1959)
7. R. E. Scott, /. Appl. Phys. 31, 2112 (1960)

8 C S. Barrett, "Structure of Metals," p. 196,

New York, McGraw-Hill, 1952.

9. H. L. Yakel, unpublished research.

10 F N. Rhines, W. E. Bond, and R. A. Rummel,
Trans. ASM 47,578(1955)

11. J. M. Cowley, Phys. Rev. 120, 1648 (1960)

12. D. T. Keating and B. E. Warren, ,/. Appl.

Phys. 22, 286(1951)
13. J. M. Cowlev, Phys. Rev. 77, 669 (1950)

14. B. W. Roberts, Acta Met. 2, 597 (1954)

15 B. E. Warren, B. L. Averbach, and B. W.
Roberts, J. Appl. Phys. 22, 1493 (1951)

16. C. B. Walker and D. T. Keating, Acta Cryst.

14,1170(1961)
17. J. M. Cowlev, J. Appl. Phys. 21, 24 (1950)

18. B. Borie, Acta Cryst. 14, 472 (1961)

19. D. R. Chipman, ./. Appl. Phys. 27, 739 (1956)

20. R. W. James, "The Optical Principles of the

Diffraction of X-rays," London, Bell and

Sons, 1954.

21. S. L. Quimbv, Phys. Rev. 95, 916 (1954)

22. K. Huang, Proc. Roy. Soc. London A190, 102

(1947)

23 B. Borie, Acta Cryst. 10, 89 (1957); 12, 280

(1959)

24 J B Cohen and M. B. Bever, Trans. Met. Soc.

AIME 21^,155 (1960)

25. G. J. Dienes and G. H. Vineyard, "Radiation

Effects in Sohds," New York, Interscience

Publishers, 1957.

26. D. S. Billington and J. H. Crawford, "Radia-

tion Damage in Solids," Princeton, New Jer-

sey, Princeton University Press, 1961.

27. B. Borie and B. E. Warren, J. Appl. Phys. 27,

1562 (1956)

28. R. Feder and A. S. Nowick, Phys. Rev. 98,

1152 (1955) (A)
Robert E. Scott

ALLOYS, HIGH TEMPERATURE, SEGREGATED ELEMENTS

IN. See Segregated Elements.

ALLOYS IN SOLUTIONS, X-RAY SPECTROGRAPHIC ANALY-

SIS*

(See also "Aqueous Solution Method of Alloy Analysis

by Fluorescence Spectrometry," L. Silverman, p. 63.)

The X-ray spectrographic analysis of metal al-

loys is generally carried out by utilizing sohd

samples with a definite surface area and finish and

comparing these with a set of standards of the

same alloy type.^ When the analytical laboratory

has some control over the alloy type and form of

sample received, this proves to be a very rapid and

accurate method of analysis. Many laboratories

with X-ray equipment do not have this control and

are forced to use time-consuming wet chemical

methods of analysis of chips, turnings, and pow-

ders. This is especially true in this era of nuclear

reactor and missile development where a constant

stream of new alloys is being submitted for analy-

sis, thus placing an almost prohibitive burden on

the analytical chemist. In these cases, the X-ray

spectrographic analysis of solutions of the alloys

may often prove to be the most accurate and eco-

nomical method of quantitatively determining the

elements present in the alloys.

The advantages of X-ray spectrographic analysis

of solutions are important and worth some thought.

A homogeneous sample is assured by placing it in

solution. Many similar alloy types will acquire a

common matrix by dissolving the samples in a

common solvent, and thus, require only one set of

standards to analyze these alloys. The interelement

effect (absorption and enhancement effects) is quite

common in X-ray spectrographic analysis of solids

and may cause an error of as much as 25 per cent

in the analysis.^ The solution of the sample will re-

duce this error to a level below other (instrumen-

tal)" errors. Chips, turnings, powder, and solids of

almost any size can be used. In the author's labora-

tory some solid samples of a uranium-zirconium al-

loy weighing 40 g were put into solution for X-ray

spectrographic analysis. On the other hand, samples

* This paper is based on studies conducted by

the Atomic Energy Commission under Contract

AT(11-1)-GEN-8.
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of stainless steel weighing 5 mg have also been used.

Standard solutions of pure metals or salts can be
prepared and stored for future use in making com-
plex solutions to match complex alloys. If internal

standards are needed for greater accuracy and pre-

cision of analysis, they can easily be added to the
solutions of the samples.

The main disadvantages of the solution analysis

are the destruction of the physical state of the sam-
ple and the longer time involved in placing the
sample into solution. The solution must be con-
tained in some type of vessel to prevent vapors
from corroding and contaminating the X-ray tube
window and other parts of the spectrograph.

Various types of solution cells have been de-
signed and used. The CelP first used in this labora-
tory with the conventional Norelco X-ray spectro-
graph (where the primary X-rays strike the top of

the cell, as shown in Fig. 1) was made of lucite and
used a window of acetate Scotch tape. The tape
could easily be placed on the cell and stripped off,

enabhng the cell to be used indefinitely. A modifi-
cation of this cell was made by Doughman, Hirt,

and Langdon* by passing a coolant through the cell

for the purpose of keeping the sample solution cool.

The older types of X-ray tubes had the disadvan-
tage of heating the sample and, in the case of solu-

tions, this proved quite troublesome when pro-
longed counting times were necessary. The newer
X-ray tubes run very cool and do not present this

problem. However, the action of concentrated X-
rays on solutions actually cause radiolysis to occur
with the resultant formation of gas in the solution.

This gas rises to the surface of the solution and col-

lects between the window of the cell and the solu-

tion causing an increase in counting time after

several minutes of exposure. For this reason, if for

no other, the ratio of element to an internal stand-
ard or to background should be used in making cal-

culations as to the amount of element present in

the solution. The introduction of the three position
spectrograph with the inverted optics, described by
Tomaino and De Pietro/ and shown in Fig. 2,

X-RAY
SOURCE

MYLAR

SOURCE

CRYSTAL

ven
Fig. 1. Schematic drawing of the optics of con-
mtional Norelco spectrograph.

Fig. 2. Schematic drawing of the optics of the
.Norelco inverted-sample three-position spectro-
graph {Courtesy of Toinaino and De Pietro,
Norelco Reporter, 3 (1956)).

ehminates some of these problems. Here the pri-

mary X-rays excite the sample through a window
on the bottom of the cell.

The use of stainless-steel solution cells furnished
with the spectrograph is satisfactory when only
watei' or nitric acid solutions are used. The corrosive

action of most acids requires the use of plastic or
glass cells. The introduction by Merlyn Salmon of

Fluo-X-Spec Laboratory in Denver of the use of

''Caplugs" (plastic containers of 5 ml capacity)
with a "Mylar" window held on by a plastic cur-

tain ring has resulted in a great savings of time and
cost. These cells can be used once and then dis-

carded for a cost of only a few cents.

The absorption of the solvent must be considered
in X-ray spectrographic analysis of liquids. If one
could use nitric acid for the solution of alloys, the
absorption effects could be ignored for practical

purposes, as there is no appreciable change in back-
ground count (scatter X-radiation from light ele-

ments of the solvent) in the range of pure water to

concentrated nitric acid. With other acids, this is

not true, as the background count will be lowered
progressively with increased concentrations of the
acids. This can be attributed to the absorption by
such elements as chlorine, sulfur, and phosphorus in

these acids. In the instances where these acids are

used as solvents the use of internal standards is

also advisable. For information as to the particu-

lar element to use as an internal standard, one
should consult the work of Adler and Axelrod." En-
hancement effects have not been encountered in

solution analysis at this laboratory.

Work performed in the author's laboratory illus-

trates some types of solution analysis of alloys that

may be encountered. The determination of iron,

chromium, and nickel in solutions of stainless steels

has been published." Samples were dissolved in aqua
regia plus a few drops of hydrofluoric acid. Per-

chloric acid was added and the solution evaporated
until only perchloric acid remained. These were di-

luted to a known volume with water and the X-ray
analysis of the solutions was carried out using con-

ventional X-ray equipment. The ratio of intensity

of element to the intensity" of background was cal-

culated and the concentration of the element was
obtained from a previously prepared working curve.
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The standard deviation of these results varied from

1.0 to 1.5 per cent of the amount present.

This work on stainless steels demonstrated the

value of using one standard working curve for sev-

eral types of alloys. Two samples of nickel-chro-

mium alloy were analyzed by X-ray spectrographic

solution techniques using a standard working curve

for stainless steels. Results of 76 per cent and 78

per cent nickel were obtained and then later con-

firmed by wet chemical analysis.

The formation of precipitates in solutions may or

mav not have an effect on the analysis. The NBS
134 steel contains 8.68 per cent molybdenum and

1.82 per cent tungsten; these two elements pre-

cipitate when the sample is dissolved in aqua regia

followed by addition of perchloric acid with subse-

quent fuming to get rid of the aqua regia. When
the conventional Norelco X-ray spectrograph (Fig.

1) is used to analyze this solution, it makes no dif-

ference whether the precipitate is in suspension or

has settled out of solution, as long as the precipitate

contains no elements for which analysis is required.

When the three-position spectrograph (Fig. 2) is

used, the effect of the precipitate setthng out of so-

lution would be the formation of a barrier between

the X-rays and the solution to be analyzed.

The use of a scintillation counter or proportional

counter with a pulse height analyzer makes it pos-

sible to determine elements in solution in concen-

trations of a few parts per miUion.

The analysis of fuel elements for an experimental

reactor required the determination of the distribu-

tion of uranium dioxide which had been mixed with

powdered stainless steel and then pressed between

two stainless-steel plates.^ Gravimetric, volumetric,

and colorimetric procedures w^ere compHcated by

the amount of stainless steel present. Solution of

this material, addition of strontium as an internal

standard, and subsequent analysis by X-rays proved

both rapid and accurate.

Recent unpublished results from the author's

laboratory on the analysis for uranium in uranium-

Table 1. Precision of X-ray Solution

Analysis of Uranium in Uranium-
Zirconium Alloys.

0.72

0.64

1.0 1.2 1.4 1.6 1.8 2.0

MILLIGRAMS URANIUM PER MILLILITER SOLUTION

Fig. 3. Standard working curve for uranium in

uranium-zirconium alloys.

Sample
No. of

Aliquots
Av. Std. Dev. P. E.

1 10 10.10 0.06 0.59%

2 12 10.05 0.04 0.40%

3 10 9.95 0.07 0.70%

4 8 9.82 0.05 0.51%

5 10 9.86 0.05 0.51%

6 8 9.78 0.08 0.82%

7 10 9.99 0.04 0.40%

8 10 9.85 0.05 0.51%

9 10 9.91 0.05 0.50%

10 10 9.91 0.03 0.30%

Table 2. Comparison of Methods for Deter-

MINATION OF URanium in Zirconium Alloys.

X-ray Spectrograph Wet

Sample
Solid

Samples
%u

Solutions
%u

Solution
Plus Int.

Std. % U
Volumetric
%u

A 6.83 6.86 6.77

B 6.90 7.02 6.90 6.98

C 6.95 6.95 6.90 6.99

zirconium alloys demonstrate some of the tech-

niques of solution analysis.

Samples of the alloy must be placed into solution

using platinum dishes and adding nitric and hydro-

fluoric acid slowly to control the rate of reaction.

The internal standard of strontium nitrate was

added just before the solutions were counted be-

cause prolonged standing of the solutions with the

strontium and hydrofluoric acid present resulted in

precipitation of the strontium. The intensity of the

K-alpha line of strontium and the intensity of the

L-alpha line of uranium were determined. The ratio

of the intensity of uranium to the intensity of

strontium was calculated and the amount of ura-

nium present was determined from a previously

prepared working curve. Figure 3 shows a typical

standard curve for uranium in uranium-zirconium

alloys and Table 1 shows typical results obtained.

Previous to this work, a comparison of wet chemical

and X-ray spectrographic analysis was carried out.

Results of this comparison are shown in Table 2.

The X-ray spectrographic method of analysis of

alloys in solution has also been used in this labora-

tory to analyze uranium-molybdenum, nickel-cop-

per, niobium, thorium-uranium and thorium-mag-

nes'ium alloys. In all cases we have analyzed for the

major alloying elements. For minor elements the

solution of the sample would dilute these elements,

in many cases, to a point where they could not be

detected by X-ray analysis.

Friedlander and Goldblatt' have made a study of

the precision and accuracy of X-ray spectrographic

analysis of solids, solutions, and powders. Their re-

sults agree with the results obtained in this labora-

tory that coefficients of variation of 0.5 per cent and

less are attainable in solution analysis.
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ALPHA HELIX OF PROTEINS. See Myoglobin and Hemoglo-
bin; Protein Fibers.

ALUMINOSILICATES. See Sieves, Synthetic Molecular.

AMALGAM, DENTAL, STRUCTURE

Dental amalgam is used extensively as a restora-
tive dental material. When mercury is triturated
with filings of an alloy containing silver and tin
and small amounts of copper (maximum 6 per
cent) and zinc (maximum 2 per cent), a plastic
mass is obtained. While plastic, the amalgam is

packed into cavities in the teeth after which it

sohdifies to form "silver fillings."

AgsSn is the main component of the alloy tritu-
rated with mercury to form dental amalgam. The
setting (hardening) mechanism is thought to be one
of solution and precipitation. C. v. Simsom (1924)
studied the tin-mercury system by X-ray diffrac-
tion methods (powder technique) and estabhshed
that tetragonal tin dissolves less than 2 per cent
mercury at room temperature and that a simple
hexagonal tin-mercury phase exists for higher mer-
cury concentrations. The parameters of this struc-
ture were given as a = 3.18 A; c/a = 0.94. Since the
tetragonal structure disappears at 6 to 8 per cent
Hg, she concluded that the hexagonal tin-mercury
phase contains 12 atoms of tin to 1 atom of
mercury. Density calculations were given in sup-
port of this conclusion. G. D. Preston's X-ray
diffraction analysis of AgsSn was included with an
article by Murphy (1926). This compound was
described as a close-packed hexagonal structure
of side a = 2.98 A; c/a = 1.61.

The constitution of the alloys of silver and
mercury was described by Murphy (1931) with
an appendix by Preston on the X-ray examina-
tion of the system silver-mercury. These authors
estabhshed two peritectic reactions resulting in
two phases of restricted composition, namely the
beta phase, which is close-packed hexagonal with
a = 2.98 A and c/a = 1.62, and the gamma phase,
a body-centered cubic structure with ao = 10.0 A.
The alpha phase of this system is the face-centered
cubic structure of silver with mercury in soHd solu-
tion. It exists at room temperature over a range of

composition extending to about 48 per cent mer-
cury. The parameter at this composition is: Oo =
4.181 A, as compared to ao = 4.077 A for pure
silver.

Nial, Almin, and Westgren (1931), Stenbeck
(1933, 1950), Gayler (1933, 1934, 1935, 1936) and
Troiano (1938) gave further study to the silver-
and tin-mercury systems using X-ray diffraction
methods, and various equations were proposed to
account for the setting mechanism of dental amal-
gam.
Berman and Harcourt (1938) suggested the name

Moschellandsbergite for the naturally occurring
gamma phase of the silver-mercury system and
estabhshed by X-ray diffraction analysis that this
material is of a body-centered cubic lattice with
«o - 10.1 A; space group Im3m; unit cell
Ag2oHg3o; crystal habit: dodecahedral. Chemical
analysis indicated that the composition is that of
AgoHg3, rather than AgsHgs or AgsHg^ , as pro-
posed by previous authors.
Frankel and Fankuchen (1952), using X-ray dif-

fraction powder methods, identified the silver-
mercury gamma phase as Moschellandsbergite,
AgoHg3

,
and reported that the compound CuaHgl

was found in small amounts in hardened amalgam.
They further claimed that no tin-mercury com-
pound is formed but that mercury goes into solid
solution with tin.

Moffett, Ryge, and Barkow (1952, 1953), and
Fairhurst and Ryge (1956, 1960) used a recording
X-ray spectrometer to establish the chronological
appearance and rate of formation of the phases in
setting amalgam and they produced the reaction
phases between silver-tin alloy and mercury as
large crystals on sohd ahoy surfaces. Crystals of the
silver-mercury system and of the tin-mercury sys-
tem were identified by single crystal X-rav exami-
nation as AgsHgs, Moschellandsbergite, b.c.c, ao
= 9.98 A, and the gamma phase of the tin-mercury

CR i-blAL LvlR-TIN ALLOYS IN CaNirACT

sIMSLE CRYSTALS OF THE SILVER-y€RCwlY|
PHASE OF DENTAL AMALGAM

Fig. 1. Single crystals of Ag-Hg phase of dental
amalgam, grown on Ag-Sn allovs in contact with
Hg.
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Simi£ CRYSTALS OF THE TIN-^€r
WASt OF DENTAL AmLGAM

Fig 2 Single crystals of Sn-Hg phase of dental

amalgam, grown on Ag-Sn alloys m contact with

Hg.

system, simple hexagonal: a = 3.205 A, c/a =

0.931. The latter was indexed both by the analyti-

cal method and by the use of a Hiill-Davey chart.

X-ray diffraction studies of dental amalgam by

Mitchell, Schoonover, Dickson and Vacher (1954,

1955), Winterhager (1955), Dreiner (1958), and

Taylor (1960) essentially confirmed the forma-

tion of the gamma phases of the silver-mercury

and the tin-mercury systems. The existence of

other phases has been postulated on the basis of

diffusion studies and thermal analysis, but these

phases have not been confirmed by X-ray dif-

fraction data.

Recent work by Fairhurst (1962) based upon

dilatometric studies as well as diffraction data has

established that the reaction between mercury and

AgsSn is a first order reaction. The following

equation is proposed

:

SAgsSn + 37Hg -> 12Ag,Hg3 + Sn«Hg.

The AgsHgs IS the gamma phase of the silver-

mercury system, and the SugHg represents the tm-

mercury solid solution composition which corre-

sponds to the calculated and observed volumetric

changes.

In addition to the phases formed during the re-

action, hardened amalgam usually contains un-

reacted alloy (AgaSn). Low silver-content alloys

also contain free tin which will cause increased

formation of the tin-mercury phase.

Manipulative variables such as mercury/alloy

ratio, trituration work, packing load and-method,

etc. will also greatly affect the rate of formation

of the new phases and the amount of unreacted al-

loy, thus influencing the mechanical properties

and the dimensional behavior of the dental amal-

gam. These effects and the vast literature dealing

with the laboratory and clinical studies of dental

amalgam do not fall within the scope of this re-

view.

Literature references given in this article can be

found in: "The Present Knowledge of the Mecha-

nism of the Setting of Dental Amalgam," by

Gunnar Ryge, C. W. Fairhurst, and C. H. Fischer,

International Dental Journal, 11: 181-195, (June,

1961).

Gunnar Ryge and Carl W. Fairhurst

AMINO ACIDS AND PROTEINS IN SOLUTION: RADIATION

CHEMISTRY

Radiation chemistry of proteins and amino acids

in aqueous solutions is pertinent to the problem of

radiation biology and radiation preservation of

biological compounds. To simplify analysis of

products, most studies are based on the X- or

7-irradiation of pure compounds to relatively high

doses.

Proteins undergo a large variety of reactions re-

sulting from the H0-, H- and HOO- radicals

formed by the ionization of water. Some of the

generalities have been determined, and these show

that the radiation chemistry of proteins is very ^

complicated.^' ^ Changes in the tertiary and quater-

nary structure of proteins occurring at low levels

of radiation can account for inactivation of en-

zymes and many changes m the physical prop-

erties. Some typical ionic yields, i.e., moles ot en-

zyme inactivated per ion pair, are: aldolase, 0.01

;

alcohol dehydrogenase, 0.02; and ribonuclease,

0.095. „
As is characteristic of polymers generally, pro-

teins undergo both scission and aggregation. For

example, studies of sedimentation, viscosity, hght

scattering and solubility of irradiated fibrinogen

gave evidence of considerable scission and aggrega-

tion « Jayko and Garrison^ have proposed a mecha-

nism of' radiolvsis of the peptide bond. Scission

would proceed through an imino intermediate and

result in the formation of amide and carbonyi

terminal groups. Mechanisms of aggregation in-

clude hydrogen bond formation, disulfide bonds

and other covalent bonds formed by free radical

reactions. Amino acid analysis of scission products

and insoluble aggregates shows the complexity of

these reactions. In irradiated hemoglobin cyto-

chrome-c,^ catalase and ovalbumin, insoluble ag-

gregates could not have resuhed from simple mech-

anisms of cross-linking or denaturation of protem.

Also, scission products could not have arisen from

simple radiolysis.
^ n a

Radiation damage to proteins can be defined m
terms of destruction of ammo acids. Studies ot in-

sulin^ hemoglobin, cytochrome-c^ catalase and

ovalbumin have determined the most labile ammo

acids as: cysteine, cystine, methionme, histidme,

phenylalanine, tyrosine, threonine and serine, ihese

same amino acids have been found to be most

labile when free amino acids are irradiated. On the

other hand, the most stable amino acids are as-

partic acid, glutamic acid, lysine and alanine.
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Knowledge of the radiation chemistry of amino
acids has advanced to the extent that the major
reaction products and reactions are known for

a few amino acids/' " Research of Maxwell et al.,'^

and Weeks and Garrison"^ on glycine has provided
the most complete knowledge of radiation re-

actions of any amino acid. Products of X-irradia-
tion of oxygen-free IM glycine and IM alanine
are shown in Table 1. Since the radiation chemistry
of alanine is similar though more comphcated than
glycine only that of glycine has been studied in

great detail. To account for the primary products
Maxwell et aU proposed the following reactions:

+ H- -^

CH3COOH + NH3
+ -OH -^

HCOCOOH -f- NH3
+ OH -^

HCHO + NH3 + CO2
+ OOH -^

HCOOH + NH3 + CO2

CH3NH0 + CO2

From their study of radiolysis of glycine, Weeks
and Garrison^ propose the formation of two im-
portant intermediates, -CHoCOOH and HoNCH-
COOH. Formation of succinic acid, aspartic acid,

and diamino succinic acid provided evidence for

these intermediates. Mechanisms for radiolysis of
glycine are

:

Table 1. Initial Specific Yields, Molecules
Per 100 ev

NH2CH0COOH

NH2CH2COOH

+ H- ^ NH2CHCOOH + H2
or NH3 + CHoCOOH

+ OH-^NHsCHCOOH + HoO
+ CHsCOOH-^
NH2CHCOOH + CH3COOH

2NH2CHCOOH -^

NHCHCOOH + NH2CH2COOH

H2O2 -f- NH2CHCOOH ^

NHCHCOOH + H2O + OH

and subsequent hydrolysis of iminoacetic acid,

H2O + NHCHCOOH ^ CHOCOOH + NH3
\
HCHO + NH3 + CO2

Calculated G values for these reactions show
very good agreement with the observed G values
for the products found by Maxwell et al.

The reactions of sulfhydryl and disulfide groups
of cysteine, cystine, glutathione, proteins and en-
zymes have been of primary concern in radiation
biochemistry. Cysteine is among the best chemi-
cal radioprotectors. The sulfhydryl compounds of
food have been shown to be a source of malodorous
compounds, especially HsS, produced in the radia-
tion preservation of meats and other protein foods.

Irradiation of cysteine® gives cystine in high
yields (G = 3.7), both in the presence and ab-
sence of O2 .

From Glycine Yield From Alanine Yield

NH3 3.97 NH3 4.48
CH3NH0 0.19 C2H5NH. 0.17
HCOCOOH 2.10 CH3COCOOH 1.92
HCHO 0.53 CH3CHO 0.59
CH3COOH 1.20 C2H5COOH 1.04
HCOOH 0.085 —
CO2 0.90 CO 2 0.59
H2 2.02 H2 1.10
H2O2 0.01 —

CO 0.01
CH4 0.01

RSH + OH

RSH + H-

RSH -f HOO

2RSH + H2O:

2RS-

RS- + H2O

RS- + H2

RS- + H2O2

RS- + 2H2O

RSSR

Hydrogen sulfide and alanine are also produced
in high yield (G = 2.9); probable reactions in-

clude :

RSH + H

R- + H-

RSH

R-

RH

H,S

R-

RSH + H'

•SH + H-

RH + RS'

RH

H,S

SH

Mechanisms for HoS production have been
studied using atomic hydrogen and cysteine.

The sulfur in c^^steine and cystine is progres-
sively oxidized to cystine disulfoxide, cystenie
sulfinic acid, cysteic acid and sulfate ion.

Because of its important oxidation-reduction
functions in the animal body, the radiation chem-
istry of glutathione, 7-L-ghitamyl-L-cysteinyl-gly-
cine, is very interesting. The radiation labile cys-
teine is destroyed to a greater extent than glycine
and glutamic acid. As with cysteine and cj^stine

alone, the cysteine in glutathione is largely con-
verted to alanine and hydrogen sulfide.

The radiation chemistry of methionine is im-
portant because it is one of the most radiation
labile amino acids, both free and in proteins, and
it is the source of malodorous methyl mercaptan
produced in the radiation preservation of meats.
Cleavage at the —C—S— bond occurs in high yields

to give either a-amino butyric acid and methyl
mercaptan or homoc3'steine and probably methane.
Methionine readily oxidizes to methionine sulfox-

ide and sulfone.
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AMMONIUM PERCHLORATE: EFFECTS OF X- AND GAMMA
RADIATION ON CHEMICAL REACTIVITY

Exposure to X- and gamma radiation was found
by Freeman and co-workers^' • ^' * to affect the

chemical reactivity of ammonium perchlorate crj^s-

tals profoundly. The change in reactivity is indi-

cated by (1) an increase in the rate decomposition
below 390°C and (2) by the lowering of the mini-

mum ignition temperature of mixtures of am-
monium perchlorate and magnesium as revealed by
differential thermal analysis.

Microscopic Studies. Photomicrographs taken
under reflected light by Bircumshaw and New-
man^ of undecomposed and partially decomposed
ammonium perchlorate crystals show that a general

clouding of the surface occurs as the crystals are

heated. Initially formed hemispherical opaque
areas on the surface coalesce and progress towards

the interior of the crystals as the reaction pro-

gresses. Additional changes in the details of sur-

face structure due to decomposition were observed

by Freeman and Anderson^ under transmitted light

for undecomposed and partially decomposed am-
monium perchlorate crystals heated at 200°. The
disruption pattern on the surface of partially de-

composed crystals indicates preferential regions of

reaction along intermosaic boundaries and dis-

locations. This is shown in Fig. 1. The appear-

ance of the decomposing irradiated crystal is

significantly different from the decomposing unir-

radiated sample shown in Fig. 2. This was observed

microscopically under reflected light. The crystal

was irradiated with an OEG X-ray tube contain-

ing a molybdenum target for V2 hr at a dose rate

of 1.3 X 10^ roentgen per hr. On heating, the strik-

ing contrast between the behavior of the unirradi-

ated and irradiated samples is that, whereas in the

former initial reaction occurs primarily at the sur-

face, the irradiated sample undergoes reaction

Fig. 1. Photomicrograph of a paitially decom-
posed unirradiated ammonium perchlorate crystal,

magnification 70X, transmitted light.

Fig. 2. Photomicrograph of a partially decom-
posed X-ray irradiated ammonium perchlorate

crystal under reflected light, magnification 70 X,

exposure dose, 7 X 10*r.
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throughout the entire crystal. The surface of ir-

radiated crystals does not appear to be disrupted
or to reveal preferential sites of reaction as in the
case of the unirradiated sohds. The apparent homo-
geneous clouding of the entire crystal indicates
that nuclei for reaction were produced by radiation
throughout the crystal. Other evidence for internal
reaction in the irradiated crystals is that such crys-
tals undergo extensive repetitive decrepitation and
.are in vigorous rotational and translational motion
during decomposition. The motion of the crystals
is undoubtedly due to the jet action of decomposi-
tion gases evolved from the interior of the soHd.
This is not observed to an appreciable extent in
unirradiated samples.

Decomposition Studies. Exposure to X- and
gamma radiation profoundly affects the thermal
decomposition of ammonium perchlorate.^- ^' ^'

*

This was determined by following weight loss as a
function of temperature and by differential ther-
mal analysis.

Fig. 3 shows graphs of the loss in weight as a
function of temperature of X-ray irradiated (0.14
ev absorbed/molecule) and nonirradiated ammo-
nium perchlorate heated from room temperature
to elevated temperatures at the nominal rate of
5Vmin. These experiments were conducted in air
under ambient conditions in crucibles wrapped in
perforated aluminum foil to prevent the decrepi-
tative loss of irradiated ammonium perchlorate
crystals. The crucibles containing the nonirradiated
samples, which did not undergo decrepitation, were

250 300 350

TEMP, "c

fSO

Fig. 3. The decomposition of X-ray irradiated
and nonirradiated ammonium perchlorate. Heating
rate_ 57min, dose rate 1.4 X 10"'' ev absorbed mo-
lec. ^ hr"^, total dose 0.14 ev absorbed/molec, reac-
tion carried out in air at 1 atm. pressure, sample
wt 100 mg. Weight change vs. temperature: (1)
nonirradiated NH^CIO.; (2) X-ray-irradiated
IS xliC'lOi

.

TIME

Fig. 4. The effect of X-ray radiation on the ther-
mal decomposition of ammonium perchlorate as
indicated by differential thermal analysis. Heated
in air at 5°/min X-ray dose rate 1.4 X 10"^ ev ab-
sorbed molec.-' hr"\ Downward direction endother-
mal, upward direction exothermal.

Curve Dosage, ev absorbed/molec.
1 0.27
2 3.5 X 10-*

3 5.4 X 10-^

4 Nonirradiated

also wrapped so that the experimental conditions
would be similar.

It is apparent from the curves that the de-
composition of ammonium perchlorate involves a
complex multistage reaction and that exposure to
X-rays has profoundly affected its chemical re-

activity. The primary effect of preirradiation ap-
pears to be enhancement of the low-temperature
stages of decomposition. Although the number of

stages of decomposition appear to be the same for

irradiated and nonirradiated samples, the initial

phases of reaction have been appreciably enhanced
as a result of irradiation. The extent of reaction
and maximum rates of reaction were markedly
greater for irradiated ammonium perchlorate in

both the first and second stages of decomposition,
which occur over the temperature ranges of 200^ to
260° and 260° to approximately 300°C, respectively.

The ensuing five stages of decomposition are also

more extensi^'e and occur at lower temperatures for

the irradiated sample. A considerably smaller quan-
tity of irradiated material undergoes the final stage
of decomposition due to more extensive reaction

below 385\
A comparison between the thermogravimetric

curves in Fig. 3 and the DTA curves in Fig. 4
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shows that the temperature ranges over which the

exothermal changes occur correspond to the various

stages of weight loss observed during decomposi-

tion. Most notable among these are the exotherms

at 236° and at approximately 270°. The endotherm

at 244° represents the crystalhne transition from

the orthorhombic to cubic lattice. It may be

noted that near completion of the endotherm

at 260° an inflection appears in the thermogravi-

metric curve. This may be attributed to the differ-

ence in the kinetics of decomposition of ortho-

rhombic and cubic NHiClO^ . The broad exotherm

between 310° and 385° corresponds to the steplike

loss regions over the same temperature range. The

resolution of this region into the series of discrete

stages shown in Fig. 3 is not apparent in the DTA
curves, undoubtedly because of overlap giving the

appearance of a single broad band.

As the dose of radiation is increased there is a

sharp rise in the exotherm at 270°, which reaches

a maximum and then decreases. For samples re-

ceiving doses greater than 3.4 X 10"* ev absorbed/

molecule, an exotherm occurs at 236° which in-

creases with increasing dose. The same is true of

the exotherm between 310 and 385°. The decrease

in exothermicity at 270° accompanied by the simul-

taneous increase in exothermicity at 236° is

due to a higher rate of decomposition before

crystalline transition. The appearance of the

sample was colorless up to doses of approximately

0.1 ev absorved/molecule. Samples exposed to

greater doses exhibit a tannish coloration which

disappears on heating or exposure to light. By dif-

ferential thermal analysis it was found that am-

monium perchlorate sublimate exhibits decomposi-

tion characteristics similar to those of the

irradiated sample.

Fig. 5. Room temperature epr spectrum from a

single crvstal of irradiated ammonium perchlorate,

and the reconstructed spectrurn from NHs^ assum-

ing isotropic hyperfine interaction.

It is clear from the experimental results that

the four principal changes in the details of the

decomposition of ammonium perchlorate due to

preirradiation are: (1) more extensive reaction

prior to and during crystalhne transition, (2) highly

exothermal decomposition immediately following

crystalline transition, (3) more extensive reaction

over the temperature range of 310° to 385°, and (4)

a decrease in the extent of the final stage of de-

composition at temperatures greater than 385°. It

may be pointed out that preirradiation of am-

monium perchlorate resulted in a lowering of the

minimum ignition temperature of a mixture of

ammonium perchlorate and 10 per cent magnesium

powder from approximately 385 to 260°C.^ This

was revealed by differential thermal analysis. The

ignition temperature of the composition contain-

ing the irradiated ammonium perchlorate cor-

responds to the exothermal reaction immediately

following the crystalline transition. The mini-

mum ignition temperature of 385°C for the com-

position containing the unirradiated sample cor-

responds to the exotherm representing the final

stage of decomposition of unirradiated ammonium
perchlorate.

Electron Spin Resonance Studies. Recently

Hyde and Freeman' carried out an electron spin

resonance study on irradiated ammonium per-

chlorate in which a new form of ammonia was

discovered, the NH3* radical. Fig. 5 shows the

EPR spectrum obtained at room temperature

from a single crystal of irradiated ammonium per-

chlorate. The spectrum arises from an impaired

electron spin strongly locahzed on an NH3 mole-

cule. The spectrum is that expected from hyperfine

interaction with one nucleus of spin 1 and three

equivalent nuclei of spin V2. Contact with the

nitrogen nucleus splits the spectrum into three

fines of equal spacing and intensity, and contact

with the three equivalent protons splits each of

these three lines into a quartet of equally spaced

lines with intensity ratios of 1:3:3:1. This anal-

ysis is also illustrated in Fig. 5. Consideration of

the energies involved indicates that the radical is

a positive ion, NH3^ This radical is stable in the

irradiated ammonium perchlorate lattice up to

125°, the temperature fimit of these experiments.

Effects of Sublimation and Impurities. Neither

the sublimate nor partially decomposed ammonium
perchlorate exhibited resonance spectra. The sub-

limate did not contain NHs^ radical, although its

chemical reactivity is similar to that of the n--

radiated crystals.^ The DTA decomposition pattern

of irradiated ammonium perchlorate is strikingly

similar in detail to that of the subfimate and of

ammonium perchlorate containing ClOs" ion im-

purity (see Fig. 6). Interestingly, the presence of

CIO.3" ion in irradiated ammonium perchlorate was

confirmed by the KI test for CIO3" ion but it was

not found in the sublimate. This is in agreement

with previously reported data on the decomposition

products formed during sublimation.' Consequently,

although the decomposition characteristics of the

irradiated salt may be partially explained by the

presence of the CIO3" ion, presumably in solid
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solution, this does not account for the details of

the decomposition of ammonium perchlorate sub-
limate.

The above results indicate that the primary
effect of the radiation is to increase the number
of positive holes and potential electron trapping
sites in the sohd in the form of vacancies and
trace impurities. This is, in part, confirmed by elec-

trical conductivity studies being conducted by Zir-

kind and Freeman^ in which it was found that the
electrical conductivity of ammonium perchlorate
is increased by irradiation with doses of about 10^

r. The mechanism of decomposition is probably
changed from one in which the rate-controUing step

is the formation of electron trapping sites which
originate from surface decomposition for the un-
irradiated crystals to one in which the formation
of positive holes and electrons is rate controlling

because of the abundance of electron trapping sites

formed during irradiation. This mechanism would
account for the specific type of surface reaction
observed for the unirradiated sample at surface im-
perfections and the homogeneous nature of the
thermal decomposition of irradiated ammonium
perchlorate. The ClOs" ion may provide a source
for electron traps, since it decomposes faster than
the ClOr ion, leaving anion vacancies. The im-
portance of lattice vacancy type defects on am-
monium perchlorate also is indicated by the find-

ing that ammonium perchlorate sublimate, which
has relatively high concentration of imperfections
but contains neither NHa^ nor CIO3", also exhibits
the same decomposition characteristics as those of
the irradiated crystals. In accordance with these
ideas one may expect that the presence of an im-
purity which may act as an electron trap will en-
hance the low-temperature decomposition of ir-

radiated ammonium perchlorate. This is confirmed
by the DTA curves in Fig. 7 of irradiated, and
unirradiated ammonium perchlorate both contain-
ing 1 mole per cent Ag^ ion. The increase in the

1?5S—3S5—400
REFERENCE TEMRj^'C

Fig. 6. Differential thermal analysis at 4.4°/min of
500 mg of ammonium perchlorate containing 1
mole per cent KCIO3 . Sample prepared by evapo-
rating solution to near dryness and by oven drying
at 105°. The ammonium perchlorate was doubly
recrystalhzed Fisher reagent grade material.

TIME

Fig. 7. Differential thermal analysis curves for
irradiated and nonirradiated NH4CIO1 containing
1 mole per cent Ag ion; 250-mg samples, curves
obtained in air at a heating rate of 5°/min. Ab-
sorbed dose 7.0 X 10"* ev/mole. Downward direc-
tion endothermal, upward direction exothermal:
curve 1, nonirradiated NH4CIO4 containing 1 mole
per cent Ag+; curve 2, irradiated NH4CIO4 contain-
ing 1 mole per cent Ag"".

exotherm at 236°, previously demonstrated to in-

crease with increases in dose, is greater than for

samples of pure NH4CIO4 , not containing Ag^,
receiving doses of more than 0.1 ev absorbed/mole-
cule. The silver doped sample received a dose of

7.0 X 10"* ev absorbed/molecule. This indicates

that the susceptibility to radiation damage was in-

creased over 100 times by the presence of Ag"" ions.

The DTA curves for the nonirradiated samples
doped with Ag+ ion, which were kept out of direct

light, do not exhibit exotherms at 236 and 270°.
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AMORPHOUS HALOES. See Polymer Characterization.

AMORPHOUS MATERIALS. See Radial Distribution Analysis

of.
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AMORPHOUS PHASE CONTENT. See Polymer Crystal-

linity Determination.

AMORPHOUS SOLIDS: DIFFRACTION EFFECTS

In contrast to the sharp diffraction spots or lines

of cr3^stanine materials, hquids, glasses, resins, and

unoriented polymers generally show one or more

broad diffuse diffraction halos. Only the most

important examples of diffraction effects of amor-

phous solids are included in Fig. 1 and 2. In

order to emphasize the principal features some of

the models and schematic drawings are oversimpli-

fied. Each figure contains (a) a schematic drawing

of model substances; (b) the X-ray intensity dis-

tribution in dependence of the diffraction angle, 6,

as determined by a densitometer; (c) a schematic

drawing of the blackening effects on photographic

film (background scattering is noted by black

dots over the area) ; and (d) one or more examples

of solid substances showing the effect.

In general, two types of amorphous sohds are

found by X-ray diffraction (Fig. 1): (1) the gas

type which shows the X-ray phenomenon of low-

angle scattering (a few degrees or less with CuKa),

and (2) the liquid type which produces one or

more halos at higher diffraction angles. The physi-

cal difference between gas- and liquid-type solids

is in the packing of the material, i.e., in the dif-

ference of electron densities within the scattering

volume.
Gas-type sohds consist of a number of non-

interacting, independent units such as atoms or

clusters of molecules, and total scattering is the

sum of the intensities scattered by each individual

particle. The scattering effect is an intense black-

ening immediately surrounding the primary beam,

and is called low-angle scattering.

This property has been used extensively to esti-

mate particle size and particle shape. The diffuse

interference at low angle is a typical effect in

systems containing particles which are large in

comparison to the wavelength (\ = 10"' cm) and

which are imbedded in a medium with different

scattering characteristics. The result is a bell-

shaped scattering curve when the blackening of

the film is measured in dependence of the scatter-

ing angle. The larger the particles, the smaller the

width of the bell-shaped curve. The particle size

determination of amorphous solids is based on the

slope analysis of the scattering curve, which meas-

ures a quantity known as radius of gyration. Out-

standing accomphshments of this nature are the

diameter determination of latex particles (2780 A)

and of channel black (95 to 275 A). The scattered
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SCATTERING AT SMALL ANGLES. SMALL,
LOOSELY BOUND MOLECULAR AGGREGATES
WITH HIGH PERCENTAGE OF FREE SPACE,
DIFFERENCES IN ELECTRON DENSITY.
BITUMINOUS COAL, SILICA GEL,
ACTIVATED CHARCOAL.

DIFFUSE RING, DENSE PACKING.

ANTHRACITE. GLASS, VITREOUS
SELENIUM, EXPLOSIVE ANTIMONY,
CHEMICALLY DEPOSITED NICKEL.
UNSTRETCHED RUBBER, VACUUM-
EVAPORATED ARSENIC.

Fig. 1. X-ray diffraction effects of amorphous substances
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SMALL ANGLE SCAT- SMALL ANGLE SCAT-
TERING IN FORM OF TERING WITH TWO
A CROSS. MICELLES
ARRANGED IN SPI-
RALS. VEGETABLE
FIBERS.

INTENSITY MAXIMA.
LARGE-SCALE ORDER
OF MATTER MOIST
CELLULOSE, NYLON,
POLYETHYLENES.
90* CROSS IN ALU-
MINUM -4% COPPER
ALLOY.

SMALL ANGLE SCAT-
TERING.THICKNESS
OF PLATELET DE-
TERMINES LENGTH.
LENGTH OF PLATE-
LET DETERMINES
WIDTH OF STREAK.
CELLULOSE.

SMALL ANGLE INTEN-
SITIES CAUSED
BY DIFFERENTLY
SHAPED COLLOIDAL
PARTICLES. HIGH
POLYMERS IN SOLU-
TION, HEMOGLOBIN.

Fig. 2. X-ray diffraction effects of fibers

intensity at the tail of the scattering curve is pro-
portional to the specific surface as determined by
nitrogen adsorption. Thus a correlation was found
between the X-ray scattering and catalytic activity
of alumina gel.

The original method for determining particle
shape is based on an assumed model and on direct
calculation of the particle dimensions from the
radius of gyration. A second method consists of
comparing experimental scattering curves with
theoretical curves calculated for a variety of par-
ticle shapes (Fig. 2). No auxihary physicochemical
data are required, but ambiguity exists when the
curves do not differ sufficiently to allow a clear-cut
decision among several models.
The high-molecular fibrous protein structures

which are so important in living systems often pos-
sess crystalhne regularity in one dimension. This
property can give rise to a whole spectrum of sharp
diffraction fines in the low-angle region. Perhaps
the most striking example is coUagen, the protein
constituting the fibers of connective tissue. The
fundamental periodicity along the fiber axis is

627 A, and 12 orders of this reflection can be meas-
ured within a diffraction angle of only r42' (2^).
In liquid-type sohds the assembly of particles

IS dense, and interference occurs between waves
scattered by various particles. The lack of struc-

tural regularity removes any directional scattering
effect from the pattern and consequently permits
determination of the magnitudes of inter-atomic
distances. The result is a radial distribution func-
tion which specifies the density of electrons as a
function of the radial distance from any reference
atom.
The most intense interference band of hquid-

type solids often lies in place of the most intense
fine of the crystal lattice. For the interpretation
of a broad halo, therefore, a careful investigation
of the interference is necessary to estabhsh its ori-

gin: fine broadening of a line of the lattice, or
the occurrence of a new interference in a slightly
different position.

The radial atomic distribution is calculated by a
Fourier analysis of the angular dependency of the
scattered intensity. The atomic distribution can
thus be represented by a probability function. The
maxima of such a curve indicate that atoms occur
especially frequently in well-defined distances from
each other (first, second, third . . . neighbors). Good
examples are glass, amorphous antimony, sulfur,

and germanium. A similar method has also been
successfully used for determination of the cr>'s-

talline and amorphous parts in rubber and cellu-
lose.

In general, the atomic arrangement of amor-
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phous solids resembles the crystalline phase more

closely than the liquid phase.
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cal Research.

ANTIBIOTICS IN RADIOBIOLOGICAL EXPERIMENTS

A detailing of the techniques whereby antibiotics

are employed in screening procedures for the study

of microbial mutation rates is beyond the scope of

this entry, which is concerned with radiation dam-

age, its alleviation or its enhancement.

In laboratory experiments antibiotics have not

prevented death of noninoculated animals exposed

to lethal doses of ionizing radiation. When mice

are inoculated with bacteria, survival depends

upon the type of bacteria and the nature of the

antibiotic used. In certain circumstances, such as

penicillin vs. pneumococci, antibiotics may limit

infective complications in the radiation syndrome

and prevent death until normal antibacterial de-
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fense mechanisms have recovered. On the other

hand, intraperitoneal infection with Salmonella

strains of low virulence may take a highly lethal

course in spite of antibiotics of the appropriate

type

.

'

Bacterial invasion may be expected following the

epitheHal damage and blood changes induced by

whole body exposure to ionizing radiation. Never-

theless, with humans, conservative therapy has

been practiced in which antibiotics were avoided

as much as possible. Examples include survivors of

the 1958 Yugoslavian reactor accident and an Oak

Ridge Y-12 incident. The rationale is that anti-

biotics are antimetabolites. As such, they might

tend to depress regeneration of the human tissues

as well as influence bacteria.

Their ability in metabohte antagonism has been

put to use in research on the chemical nature of

radiation-induced chromosomal breaks and the

biochemistry of their rejoining. Chloramphenicol

and aureomycin, antibiotics which at proper con-

centration inhibit protein synthesis, prevent re-

joining of chromosome breaks in fractionation ex-

periments with Vicia seeds. At the dose used

there was interference with incorporation of C^*-

labelled glycine into protein but no significant ef-

fect upon incorporation of P'' into nucleic acids.

In contrast, penicillin, which inhibits neither pro-

tein nor nucleic acid synthesis, did not influence

rejoining of chromosome breaks.

An apparent paradox was revealed by a study

of the rate of induced lethal and deleterious mu-

tations in coli bacteria, in Paramecium, and m
Drosophila. The same antibiotics which decrease

the rate of nuclear repair may also decrease the

amount of mutation. Furthermore, either an in-

crease or a decrease of mutation rate can be dem-

onstrated in the same organism, depending upon

the sequence of events and upon the cell type

treated. Thus chloramphenicol increases radia-

tion-induced sex-linked lethals in mature Dro-

sophila sperm, but decreases them in meiotic stages

and spermatids. Possibly a delay in chromosomal

duplication provides more time for repair of ini-

tial premutational change. It is the net result

which is scored.

When studies pass beyond cells to the tissues,

organs and organ systems in highly evolved organ-

isms, the role of an agent so pervasive as an anti-

metabolite is certain to prove complex and com-

plicated. The influence of antibiotics on fecundity

and fertility of irradiated insects is a case in point.

The insect ovary accepts a certain amount of pro-

tein from the blood rather than relying exclusively

upon the synthetic activity of its cells. Effects of

radiation at the cellular level may be obscured by

antimetabolite influences in the somatic tissues in-

volved m the cooperative action with the insect

ovary. Although aureomycin depresses hatchabil-

ity and is detrimental to the recovery of egg pro-

duction after an X-ray-induced period of m-

fecundity in the wasp Habrobracon, it also shortens

life span which indicates a deleterious influence on

somatic tissues. Furthermore, aureomycin alone

decreases reproductive capacity in the wasp.
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ANTIFERROMAGNETIC OXIDES. See Deformations of
Structures.

APATITES. See Fluoridation of Dental Enamel.

APPARATUS FOR ORIENTATION OF LARGE, SINGLE
CRYSTALS BY X-RAY DIFFRACTION. See Orienta-
tion.

AQUEOUS SOLUTION METHOD OF ALLOY ANALYSIS BY

FLUORESCENCE SPECTROMETRY*
(See also "Alloys in Solutions, X-Ray Spectrographic An-

alysis," W. W. Houk, p. 50.)

The apparatus consists of a North American
Phihps X-ray spectrograph type 12049 and a milli-
ampere stabilizer type 52204 with an FA 60 tungsten
target X-ray tube and a lithium fluoride analyzing
crystal. An additional voltage stabihzer (Stabiline
Voltage Regulator 2.5 KVA) was added to the
eciuipment to regulate the power to the electronic
panel. The X-ray tube was operated off the origi-

nal voltage stabilizer at 50 kv and 40 ma.
Three types of radiation detectors were used in

these studies: an argon-filled Geiger tube, a scin-
tillation counter with the Norelco high speed Scin-
tillation/Proportional unit, and the scintillation

counter with a Baird Atomic Pulse Height Ana-
lyzer Model 510. The Incite solution cell* and solu-
tion techniciues have been previously described.^
Reagent grades of hydrochloric, hydrofluoric,

nitric and perchloric acids were used as solvents.
The sample of stainless steel weighing 0.5 gram

was dissolved in 10 ml of a mixture of nitric and
hydrochloric acids. Several drops of hydrofluoric
acid and 8 ml of perchloric acid were added and
the solution was evaporated until dense fumes of

* Based on studies conducted for the Atomic
Energy Commission under Contract AT(ll-l)-
GEN-8.

perchloric acid were given off. The solution was
cooled and diluted to 100 ml with water. Approxi-
mately 10 ml of the solution were used to fill

the solution cell.* The times required to record
25,600 counts or 102,400 counts for iron, chromium,
nickel and the background were measured using
the appropriate counters. The ratios of element to
background or the total counts per second for the
elements were calculated and the milligrams of the
elements were obtained from the appropriate pre-
viously prepared (mg/ml) working curves.
The actual concentration (mg/ml of the so-

lution may be arbitrarily adjusted to keep the
counting rate within the limits of the Geiger
counter's linear response.

Standard Working Curves. Perchloric acid solu-
tions of National Bureau of Standards steel sam-
ples in known concentrations were prepared. These
solutions were used as the standards for the prepa-
ration of working curves for iron, chromium, and
nickel.

Geiger Counter Method. The times required to

record 25,600 counts were measured for the respec-

tive Ka lines of iron, chromium, nickel and the
background at 0.6A. The ratio of each element to

background was calculated. The respective ratios

were plotted against the concentrations (mg/ml)
to form the working curves for iron, chromium, and
nickel.

Scintillation Counter Method. The times re-

quired to record 102,400 counts were measured for

the respective Ka lines of iron, chromium,
nickel, and the background at 68.5° 2d. Two work-
ing curves for each element were plotted from the

data obtained by the use of the scintillation

counter; the ratios of the respective elements to

background as well as total counts per second for

the respective elements were plotted against the

concentrations (mg/ml) of the elements to form
the two standard working curves for each of the

elements.

Scintillation Counter Plus Pulse Height Ana-
lyzer Method. The times required to record 25,600

counts were measured for the respective Ka
lines for iron, chromium, nickel, and the back-
ground at 68.5° 2d. The base line and the window
of the pulse height analyzer were set at 7 v and
20 V, respectively. The high voltage of the

scintillation counter was set at 850 v. Three stand-
ard working curves; the intensity in total counts
per second for the element; the intensity in total

counts per second corrected for background for each
element; and the ratio of the intensity of the ele-

ment to background, were plotted against the con-
centration (mg/ml) to obtain three standard work-
ing curves for each element.

Results. Stainless-steel samples are customarily
dissoh-ed in a mixture of nitric and hydrochloric
acids, but when solutions were prepared in this

manner, the results obtained by the fluorescent

X-ray measurements for iron, chromium, and
nickel were not consistent.

A study of changes in concentration of selected

acids was then made to determine the effect on
background intensities (Fig. 1). Apparently nitric
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Fig. 1. Variation of background with concentration of acid at 0.6A

acid is closest to the ideal solution acid as there are

only slight changes in background intensities with

large changes in acid concentration. Unfortunately,

nitric acid alone will not dissolve the stainless

steel. Hydrochloric acid alone will not dissolve the

carbides present in the steel and small changes in

HCl concentration produced large changes in the

background intensities. The rate of change in back-

ground intensity with change in perchloric acid

concentration was about one half that for hydro-

chloric acid. However, after the higher-boiling

perchloric acid had been used to volatihze the

other two acids from solution and when the quan-

tity of perchloric acid was also controlled, the ra-

tios of the intensities of the elements to the inten-

sity of the background remained constant withm

the instrumentation limitations.

Intensity measurements for the iron, chromium,

and nickel were made on the same solutions with

the Geiger counter, with the scintillation counter

alone, and with the scintillation counter-pulse

height analyzer combination. The scintillation

counter alone increased the accuracy and the

sensitivity of the method. With Geiger counter

techniques, elements could be detected in the

order of 0.1 mg/ml of solution with an error of

about 3 per cent of the element present ;
with the

scintillation counter, elements may now be diluted

to the order of 0.05 mg/ml of solution with an error

of about 1.5 per cent of the element present. The

addition of a pulse height analyzer did not in-

crease the accuracy of determinations of elements

but it made possible the determination of iron,

chromium, and nickel in concentrations of the

order of 0.01 mg/ml or less.

Straight-line plots of concentration (mg/ml) vs.

peak counts per second were obtained by the three

counting techniques for iron and nickel but not

for chromium; a straight-line plot for chromium

was obtained only by the pulse height discrimina-

tion technique (Fig. 2). The increased sensitivity

of detection and the large and favorable increase

in peak to background ratio by the pulse height

analyzer technique makes this counting method

the preferred one.

Sample NBS134 is of particular interest in that

it contains 8.68 per cent molybdenum and 1.82 per

cent tungsten. These two elements precipitate hi a

perchloric acid solution. Intensities for the iron,

chromium, nickel, and background were taken

while the molybdenum and tungsten were in sus-

pension. The solution was then allowed to stand

for 24 hours so that all of the precipitate would

settle out of the solution. The supernatant liquid

was then analyzed and no change in the ratio of

element to background was noted between this and

the original suspensions.

The use of these standard working curves for

alloys other than stainless steels has been extended

to nickel-chromium alloys. Two unknown samples

were analyzed for nickel by the fluorescent X-ray
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method and results of 76 and 78 per cent nickel,

respectively, were obtained. The results were con-

firmed by wet chemical methods.
Discussion. Interelement Effect. The interele-

ment effect is not observed (with present-day in-

strumentation) in the proposed solution method.
This can be attributed to the fact that the elements
present in the steel have been diluted by a factor

of 200 or more in the aqueous test solution. At this

level of dilution deviations introduced by the in-

terelement effect would be less than other (instru-

mental) errors. Within boundries, the use of an
internal standard could eliminate the interelement
effect. The elements, oxygen and hydrogen of the

water solvent, may reasonably be considered to be
in constant concentration in every sample.

Effect of Chlorine. The effect of small changes
in concentration of the chlorine (perchloric acid)

has been studied under the proposed technique.
In very dilute perchloric acid solutions the curve
for perchloric acid is displaced below the curve
for hydrochloric acid (Fig. 1). Apparently, the
scattered radiation for hydrogen and oxygen is

predominant at these low acid concentrations and
only when more perchloric (or hydrochloric) acid
is added does the adsorption due to chlorine be-
come predominant. Thus, the higher percentage of

chlorine in the hydrochloric acid causes the curve
for the hydrochloric acid to fall below the per-
chloric acid curve at the higher concentrations of

acid in solution.

The intensity of background nearest the lines

being measured does not vary with different types
of samples but only with the amount of perchloric
acid present. This permits the use of the ratio

:

Intensity of spectral line plus background

Intensity of background

without correction for background intensity in

the numerator, within the precision of these results.

The variations in background intensities near the
particular spectral lines are of the same type as the
variations at 0.6A; changes in types of samples
(iron-base, chromium-base) have no detectable in-

fluence on the intensity of background.
Comparison of the Counters. The scintillation

counter has a number of advantages over the
Geiger counter, namely, nearly 100 per cent effi-

ciency in counting X-rays of the wavelengths nor-
mally used ; the linearity of response with counting
rates in question is superior because of the ex-
tremely short dead time; counting rates as high
as 100,000 counts per second can be used; and
with the addition of a pulse height analyzer, the
signal to noise ratio can be greatly increased, which
makes possible much greater sensitivity in de-
tection. The main disadvantage of the scintillation

counter is the inherent noise level of the presently
available photomultiplier tubes which vary by fac-
tors of 10 to one. When the scintillation counter is

used to detect the emission X-rays, the large
amount of scattered radiation at 0.6A (produced
by the hydrogen and oxygen of the solutions)
and the very efficiency of the counter in detecting
this radiation make it necessary to select a back-

ground reference point near the elements to be
determined. For these reasons the background
count was determined at 68.5° 2d when the scin-

tillation counter was used.

The use of the scintillation counter-pulse height
analyzer combination for X-rays has been discussed
by Miller.- The work of this laboratory has shown
that this combination is by far the iDest for the
detection and determination of elements in solu-

tions. The great increase of peak to background
ratio when using a pulse height analyzer makes
determinations of elements in the range of 4 fig/ml
a certainty. The abihty of the PHA to discriminate
against background eliminates the major disad-
vantage of the scintillation counter, i.e., the high
noise level of the photomultiplier tubes; also any
change in background due to chance external radia-
tion sources is eliminated. A monitoring point
is not necessary when using the PHA as the dif-

ference in accuracy obtained with and without
background corrections was not sufficient to in-

terfere in this report.

The fluorescent X-ray method has application
because of its simpHcity and speed, as described in

the procedure. The use is obvious when a sample
of stainless steel is to be identified as to type by its

iron-chromium-nickel content. A useful application
is the analysis of welds when only 5 mg-size samples
are available.

The original paper^ may be consulted for further

details.
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ASPHALTENES (PETROLEUM) AND RELATED SUBSTANCES
X-RAY DIFFRACTION*

Of the many applications of X-ray diffraction,

the use of the method for the elucidation of the
structure of mesomorphic, or semicrystalline sub-
stances, is perhaps one of the most interesting and
challenging. 5 Many important natural and syn-
thetic substances, including polymers, carbon
blacks, coals, pitches, asphaltites such as gilsonite,

the asphaltic fraction of crude oils, the sludges
formed by the oxidation of petroleum oils, and
man}^ others fall within this category.

In an ideal crj'stal, the orientation of its con-
stituent molecules and the distances between
atomic centers, both within a given molecule and
within different molecules, are perfectly repro-

ducible. Because of this periodicity, or order, the
X-ra}' diffraction pattern is sharp. In a meso-

* Multiple Fellowship on Petroleum sponsored
by Gulf Research & Development Compan5^
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morphic substance, such intra- and intermolec-

ular order is limited in extent with the result that

the X-ray diffraction pattern is diffuse.

With the development of the X-ray diffrac-

tometer, it became easier to determine not merely

the scattering angles, but also the area and shape

of the bands. Suitably interpreted, such data pro-

vide an insight into certain interesting structural

features of such substances.

For such studies a Norelco wide-angle diffrac-

tometer, equipped with a xenon-filled proportional

counter, is used. Highly monochromatic copper

Ka radiation is obtained by means of Ross bal-

anced filters of nickel and cobalt. The relative in-

tensity at any particular angle is the difference in

the counting rates obtained at that angle using

first the nickel and then the cobalt filter. A final

"reduced" intensity curve is obtained by correct-

ing the relative intensities for polarization and by

normalizing to electron units, A, according to the

equation:

I' = (A - C)/E

where C and E are the incoherent and independent

coherent scattering, respectively. i* ^' ^^

Petroleum resins and asphaltenes comprise the

major portion of the dark-colored, nonhydrocar-

bon fraction of the oil. The two fractions are
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Fig. 1. X-ray diffraction patterns of mesomorphic

substances. Part A—Resin and asphaltene fractions

of Baxterville crude oil. Part B—1 carbon black

and a low crvstallinity polyethylene. The vertical

dotted lines 'indicate the band positions of their

fully crystalline equivalents, namely, graphite and

A n-paraffin.
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defined by their solubilities: the resin, which is

usually a tacky semisolid, being insoluble in pro-

pane but soluble in n-pentane; and the asphaltene,

which is a solid, being insoluble in n-pentane but

usually soluble in benzene, chloroform, or carbon

disulfide. As fractions of crude oils the resins and

asphaltenes range in amount from a trace to as

much as 60 per cent. Those from each oil are be-

lieved to consist of structurally similar molecules

of relatively high molecular weight, the determina-

tion of which is difficult owing to strong associa-

tion forces between molecules.

In Fig. 1, Part A, are shown the diffraction pat-

terns of a typical petroleum resin and asphaltene

in the range of 20 = 8 to 100°. The four bands are

designated as follows: the gamma band, d = 4.8A

(strong); the (002)-band, d = 3.5A (strong); the

(lO)-band, d = 2.1A (weak); and the (ll)-band,

d = 1.2A (very weak). In Fig. 1, Part B, for com-

parison, are shown the curves for a carbon black

and a low crystallinity polyethylene. The vertical

dotted lines indicate the band assignments, posi-

tions, and spacings in corresponding fully crystal-

line materials; namely, a natural graphite and a

n-paraffin. It can be seen by inspection, and it has

been proved by actual experiment, that the curves

for the crude oil resin and asphaltenes can be ap-

proximated closely by a blend of the polyethylene

and the carbon black.

Accepted interpretations for the bands of the

resin and asphaltene fractions of crude oilsii are

as follows:

Gamma Band. In a crystalline /i-parafhn or in

crystalline polyethylene the (110)- and (200) -re-

flections, corresponding to 4.15 and 3.75A re-

spectively, are functions of the packing of the

chains. As the substances are heated toward their

softening points, these bands merge, and diminish

in intensity while a new and broader band with a

maximum between 4.0 and 5.5A appears. '^ This

gamma band, exhibited by the low crystallinity

polyethylene and by the resins and asphaltenes

under discussion, is attributed to the relatively

uniform spacing between disordered aliphatic

chains or possibly, in the latter cases, between

alicyclic rings.

do-Spacing. As branching becomes more ex-

tensive in a carbon chain, a new spacing larger

than that represented by the gamma band appears.

The longest spacing thus far reported is 9.8A for

poly-1-hexene.^ Although one investigator^ has

reported spacings corresponding to 8.1 and 7.4A,

the resins and asphaltenes studied in this labora-

tory have been found to be devoid of d2-spacing.

It has been concluded, therefore, that branching

beyond ethyl or propyl is not extensive in these

substances.

(002) -Band. This band is attributed to the

interplanar spacing perpendicular to the hexa-

gonal net consisting of condensed aromatic rings.

In natural graphite the distance is 3.35A. The dis-

tance increases with decreasing number of con-

densed rings, e.g., in the four-ring hydrocarbon,

pyrene, the distance is 3.52A.9 In resins, asphal-

tenes and related structures another factor which
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Fig. 2. A model of a section of a condensed aromatic sheet showing the effect of substitu-
tion of carbon atoms by oxygen, nitrogen, and sulfur.

may increase the distance is buckling of the planes
due to imperfections in the hexagonal network
resulting from replacement of carbon atoms by
such heteroatoms as oxygen, nitrogen, and sulfur
as shown in Fig. 2.

(10)- and (ll)-Bands. Both of these spacings
are taken to be functions of the condensed aro-
matic carbon-carbon bond distance, r, i.e.,

rf(io) = 3r/2

d(n) = VSr/2

These assignments are consistent with the fact
that these bands always are found together with
the (002)-band, and possess a characteristic saw-
toothed profile, which feature can be clearly seen
in the example of a carbon black. This shape has
been shown by theoretical calculations^- i" to be
characteristic of two-dimensional reflections.

From the position, shape, and intensities of

these four diffuse bands, numerical values for
several interesting structural features can be
deduced.

Aromaticity. Aromaticity is defined as the
fraction of the total number of carbon atoms which
are located in aromatic rings. This quantity is

computed from the relative areas under the separ-
ated peaks for the gamma and (002) -bands as
follows:

Ca + C,

Ay + .4,

where A represents the areas under the respective
peaks, and Ca , Cs , and C represent the number
of aromatic, saturated, and total carbon atoms,
respectively, per structural unit.

In making this calculation, two assumptions are
made; namely, that the extent of coherent scatter-
ing of X-rays in the region of the two bands is

constant; and that the fraction of aromatic layers
which are associated, or stacked, is a constant.
The first assumption is based on the finding^ that
the total diffracted coherent radiation is essen-

tially the same for 35 amorphous compounds of

widely different types. With respect to the second
assumption, it was found that the shape of the
(002) -band remains approximately constant for
all the samples studied.

Interlayer and Interchain Distances. The
distance between the sheets of aromatic con-
densed rings, cIm , and to a first approximation
the distance between aliphatic chains or saturated
rings, dy

, is represented by the angular position
of the (002)- and the gamma bands, respectively.
A more precise value of the latter is obtained by
means of the ecjuation:^

dy' =
5X

8 sin 6

Size of the Aromatic Sheets. Approximate
values for the average diameter of the sheets of

condensed aromatic rings can be calculated by
means of Scherrer's crystallite size formula for

two-dimensional reflections:

La = 0.92/5i/2

where B1/2 is the width of either the (10)- or the
(11) -band at half-maximum in units of (sin d)/\.

A more precise method is to compare the profile of

the (11) -band with those calculated by Diamond^
for near symmetrical condensed aromatic mole-
cules of increasing size. Tests of this procedure
with elongated and bent aromatic molecules show
that the values obtained in this case tend to

represent the long dimension.

^

Cluster Diameter and Association. Average
cluster diameter is obtained in similar manner
from the width of the (002) -band at half-maximum

:

Lc = 0.45/5i,o

The average number of aromatic sheets, Me , as-

sociated in an aromatic cluster is obtained by
dividing Lc hy du .

In Table 1 are listed the aromaticit}^, fa , and
the various dimensional values calculated for a
series of petroleum asphaltenes, a resin, a gil-

sonite, and a lightly cracked (visbreaker) petro-
leum tar. It will be seen that in these substances,
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Table 1. Aromaticity AND Dimensional Values FOR Petroleum Asphaltenes
ANE> Related Substances.

{dM , d, ',La, and Lc are expressed in Angst roms)

y '
^

fa dM d,'

La based on
(Scherrer's
Equation)

La based
on

(Dia-
mond's
Method) Lc Me

(10)-

band
(ID-
band

(ID-
band

Petroleum Asphaltenes
Baxterville 0.53 3.57 5.7 10 15 13 19 5.3

Lagunillas 0.41 3.57 5.7 10 11 9.7 17 4.8

Burgan 0.38 3.55 5.6 12 11 9.7 19 5.4

Wafra, No. A-1 0.37 3.57 5.6 12 12 11 18 5.0

Mara 0.35 3.57 5.7 16 17 15 18 5.0

Wafra, No. 17 0.35 3.57 5.9 14 10 9.1 19 5.3

Raudhatain 0.32 3.60 5.7 13 12 11 18 5.0

Ragusa 0.26 3.60 5.9 12 14 12 19 5.3

Petroleum Resin
Baxterville 0.22 3.70 5.7 12 9.6 8.5 16 4.3

Gilsonite Asphaltene
Tabor vein 0.14 3.50 6.0 15 10 9.1 20 5.7

Refinery Asphaltene
Visbreaker tar 0.59 3.57 5.7 12 9.7 8.6 18 5.0

L„8.5-I5A

M =5

L, 15-20 A

Fig. 3. Cross-sectional view of a resin or asphal-

tene micelle, /vw represents the zig-zag configuration

of a saturated carbon chain or loose net of naph-
thenic rings. represents the edge of flat sheets

of condensed aromatic rings.

the principal structural variable is the aromatic-

ity, fa • Since the size of the aromatic sheets, as

defined by La , does not vary appreciably, it must
be concluded that there is a considerable varia-

tion in their number within native asphaltenes,

that the resin fraction has a smaller number of

these structural groups than the corresponding
asphaltene, and that cracking tends to increase

the number.
In Fig. 3 is shown a schematic drawing which is

believed to represent a cross section of a resin or

asphaltene micelle showing the dimensional pa-

rameters which are determined by X-ray. The
tendency of the aromatic clusters to stack is un-

doubtedly one of the major cohesive forces holding

the micelle together. The strong tendency to as-

sociate into molecular clusters is responsible for

the high viscosity, etc., of asphaltic materials.
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ATOMIC SIZES. See Solid Solutions: Local Order and Atomic

Size From Diffuse Scattering.

ATTENUATION, X-RAY

The attenuation of X-rays is a hit-or-miss af-

fair. A given X-ray photon will either transfer no

energy to a nearby atom as it passes, or it will

disappear entirely. On the average, a photon must
pass an enormous number of atoms before it will

disappear in some interaction. Subsequent to the

interaction there will exist one or more secondary

particles (electrons and/or photons) according to

the mechanism of the interaction.

The chance for one of these interactions to oc-

cur, although very small for a single atom passed,

is nevertheless quite appreciable for the many
atoms composing ordinary layers of material.

Further, this chance is not modified by the num-
ber of atoms which may have been passed.

This statement imphes that, for a sufficiently

thin layer of material, considered at any depth,

the fractional attenuation of photons is directly

proportional to the thickness of such a layer. The
introduction of a proportionality constant, [x, into

this statement permits extension of this implica-

tion to determine the number N of photons trans-

mitted through a layer x: N/No = e'^'', where
iVo is the number of incident photons and where
the thinness restriction has been removed. Spe-

cific values for /x vary widely, depending on the

photon energy involved and on the composition

of the attenuating material. Thus, the above ex-

pression is valid for photons of a single energy;

some averaging procedure is required when pho-
tons of diverse energies are encountered.

The proportionality constant /jl is known as the

linear attenuation coefficient. For some purposes
it is more convenient to eliminate effects related

to the density, p, of the attenuating material and
for these the quantity /m/p (mass attenuation co-

efficient) is used.

There are three interaction mechanisms which
are responsible for most of the attenuation of X-
ray photons. These are known as photoelectric

effect, Compton effect, and pair production.

Photoelectric Effect. In the photoelectric ef-

fect, the incident photon transmits its energy di-

rectly and completely to an orbital electron of

the atom concerned. Part of the photon energy
is consumed in supplying the binding energj^ of

the orbital electron and any remainder is given
to the electron as kinetic energy. Thus, if W rep-

resents the binding energy of the electron, h,

Planck's constant, and v, the frequency of the in-

cident photon, then the energy of this photon is

hu and the kinetic energy of the electron when
ejected is: KE = hv — W. Clearly, the photon
energy must be at least as large as the binding
energy for a given shell before electrons in that

shell can absorb such photons and be ejected. Be-
cause the ejected electron leaves an orbital va-
cancy, electron transitions which tend to fill this

vacancy will occur, and will thereby produce fluo-

rescence, including characteristic X-rays.

When the chance for absorption of a photon by

an atom is examined for a variety of photon ener-

gies, a rapid decline with increasing energy is

found. This decline continues until the energy is

increased to the binding energy of the next lower

electron shell, where suddenly the electrons in

this shell also participate in the absorption and

there is an abrupt increase in the rate of absorp-

tion. This step change is called the K-absorption

edge when the K-shell is involved, and is desig-

nated in like manner for other shells. The decHne

between absorption edges is evidence of the diffi-

culty of accelerating the ejected electron to the

necessary kinetic energy during the brief time

that the incident photon can remain in the vicin-

ity of an atom.
Compton Effect. The Compton effect is also

known as Compton scattering, as inelastic photon

scattering, and sometimes—perhaps with disdain

—just as scattering. By whatever name, an inci-

dent photon appears to be deflected, or scattered,

by an electron—much like a collision between bil-

hard balls. The outgoing photon has less energy

than the incident photon and has assumed a new

direction. The energy difi'erence is given to the

electron. For many purposes, the secondary pho-

ton is of greater concern than the ejected elec-

tron. This condition is responsible for the large

apparent quantity of secondary X-radiation which

is found particularly for X-rays generated be-

tween 40 and 400 kvp.

The requirement that energy and momentum
must both be conserved in the course of a scatter-

ing coUision of this type leads to the Compton
scattering formula: A\ = X' — X = h/nic (1

—
cos e), where X is the wavelength of the incident

photon, X' that of the outgoing photon, and 6

the angle between the directions of these photons.

The constant h/mc = 0.0242A. Photons incident

with X » 0.024A are not greatly changed by a

Compton scattering event, hence very little

energy is transmittable to the secondary electron.

In contrast, one may note that X « 0.024A for

very high-energy incident photons, so that X' =
0.024A at 90°, nearly independent of X.

The chance for Compton scattering decreases

with increasing photon energy, but not nearly so

rapidly as for photoelectric effect.

Pair Production. In pair production, the inci-

dent photon interacts mainly with the nucleus of

an atom. In this case, the photon completely dis-

appears and in its place appear an electron and its

positively charged twin, the positron. The mass of

the electron-positron pair is created from the en-

ergy of the incident photon, and any excess energy

is distributed as kinetic energy between the elec-

tron and proton. Clearly, this process is impossible

at photon energies below that required to create

the two particle masses. The Einstein relation,

E = 771C-, allows evaluation of the threshold en-

ergy. For an electron, mc~ = 0.511 mev, so the in-

cident photon must carry at least 1.02 mev to be

able to produce a pair.
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Above the threshold energy, the chance for in-

teraction by producing pairs increases with increas-

ing photon energy, approximately in proportion to

the logarithm of the photon energy, to perhaps

100 mev. Above this energy, additional considera-

tions reduce the rate of increase.

In a sense, there is some secondary photon ra-

diation associated with pair production. Both the

electron and positron, as they pass the atoms in

the course of their motion, transfer energy by

various mechanisms to these atoms and are slowed

down in so doing. Ultimately each loses substan-

tially all of its kinetic energy—it has then come

to the end of its range. When the positron has

come to the end of its range, it enters into a

private association with any nearby electron,

which very shortly results in a mutual annihilation

of the two particles; in their place appear two

photons, each of energy equal to the rest (or mass)

energy of one particle, 0.511 mev.

The chance for a pair-production interaction

with the nucleus increases with Z'. Somewhat in

the magnitude of a correction, pair production in

the field of an orbital electron does exist and

should be mentioned. Because the orbital electron

is ejected from the atom in absorbing the recoil

momentum consequent to the production of an

electron-positron pair, three electronlike particles

appear outside the atom ; this process is frequently

referred to as triplet production. From the dy-

namics of this process it may be shown that the

photon energy must be at least the threshold of

4 mc~, or about 2 mev, for triplet production. For

contributes to photon attenuation at approxi-

energies substantially above 2 mev, each electron

PHOTON ENERGY. MEV

Fig. 1. Variation of mass attenuation coefficient

with photon energy for lead and water. In water,

the Compton effect predominates over most of the

range. In lead, the predominance of the photo-

electric effect below 0.5 mev and of pair production

above 5 mev is easily visualized. The K- and L-

attenuation edges for lead are within the range con-

cerned. The logarithms of both coordinates are

plotted to preserve detail.

mately unit weight compared with Z" for the nu-

cleus and, since there are Z electrons in each

atom, the over-all dependence on atomic number

for pair production is nearly (Z" + Z).

Relative Importance of Interaction Mecha-

nisms. By and large, photoelectric effect is most

important at the lowest energies and pair produc-

tion at the highest, with Compton effect predomi-

nant in between. The cross-over points and abso-

lute values depend strongly on the atomic number

of the attenuating material. Figure 1 exhibits the

mass attenuation coefficient over a substantial

range of photon energies for water and for lead.

The mass coefficient is used here to assist the

comparison. In the photon energy range from 1 to

3 mev, where Compton effect predominates for

both materials, there is little difference between

mass attenuation coefficients. This is to be ex-

pected since Compton effect depends on the num-

ber of electrons and this number is approximately

constant per gram of material.

Other Coefficients. In the foregoing, the at-

tenuation coefficients were derived from and were

meant to indicate the chance for an interaction.

In some situations it is more convenient to record

the chance for energy deposition as a result of an

interaction by whichever process. Thus, allowances

must be made : in photelectric effect, for the bind-

ing energy; in Compton effect, for the energy of

the outgoing photon; in pair production, for the

energy threshold. Coefficients found after making

these allowances have new names: for example,

the real linear attenuation coefficient. After the

real Hnear attenuation coefficient is subtracted

from the (total) linear attenuation coefficient, the

remainder is called the scattering linear attenua-

tion coefficient and pertains to the chance of re-

taining energy in the form of photons even though

an attenuation event has occurred.

In old usage one spoke of absorption coefficients.

Today one is careful to sav "attenuation coef-

ficient" to avoid making a direct impHcation re-

garding either the disappearance of the photon

or the deposition of energy resulting from an in-

teraction.
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ATTENUATION COEFFICIENTS. See Bone Mineral Content;

Densities in Fluidized and Static Bed Systems; Steam
Voids in Water; Thickness of Cladding of Nuclear
Fuel Elements.

AUSTENITE RETAINED IN HARDENED STEELS: QUANTI-

TATIVE DETERMINATION BY X-RAY DIFFRACTION

TECHNIQUES

The measurement of retained austenite con-

centrations in hardened steels is a quantitative

analysis procedure particularly suited to X-ray dif-

fraction techniques and is of importance to metal-
lurgists interested in improving the properties of

hardened steels. It is a special example of the more
general quantitative technique based on relating

diffraction line intensities to component concen-
trations. In fact, it is probably as ideal an example
of quantitative X-ray diffraction analysis as may
be expected to occur since the procedure can be
made unusually sensitive (as low as 0.2 volume
per cent can be detected) and the factors which
usually affect the precision and accuracy of this

type of measurement adversely can readily be
minimized for most samples of interest.

Some Metallurgical Considerations. To harden
steel it is first necessary to convert it to austenite,

the face-centered cubic or gamma phase of iron
stable at high temperatures (>1333°F), and then
to cool the steel rapidly by quenching to convert
it to martensite, the hard, body-centered tetragonal
or alpha phase. No matter how rapid the cooling or
how low the quenching temperature, not all of the
austenite will decompose to form the alpha phase
and that small amount which remains is called
retained austenite.

It would be desirable to get rid of the retained
austenite because it is unstable when the hardened
steel is subjected to heat, stress, or aging. Un-
fortunately, this is usually impossible to do with-
out losing some of the desirable properties of the
hardened steel. Thus, retained austenite is almost
always present and the problems associated with
it have long concerned the metallurgist.

If retained austenite decomposes while a hard-
ened steel part is being used, the results may be
disastrous. For example, it has been observed that
certain hardened steel parts having 50 milhonths
in. clearance in diesel engines will "freeze" due to
expansion caused by retained austenite decomposi-
tion occurring as the result of operating stresses
and temperatures. Hardened steel gauge blocks
are given special heat treatments to prevent fur-
ther dimensional changes due in part to austenite
decomposition with aging. Such dimensional
changes, if they occur, would reduce the value of
the blocks as gage standards. Another entirely
different but important apphcation involving the
precise and accurate measurement of retained
austenite concentrations is the rapid determination
of Ms temperatures for hardenable steels.^

Many more examples could be cited; however,
these are sufficient to indicate why it is important

to be able to measure small quantities of retained
austenite in hardened steels. Only by making ac-
curate quantitative measurements primarily in

the zero to 10 per cent range is it possible to

achieve optimum metallurgical characteristics

which are related to retained austenite concentra-
tions.

Methods for Measuring Retained Austenite
Concentrations. There are several methods for

estimating retained austenite concentrations based
on differences in the specific volume, magnetic
properties, and crystal structure of austenite and
that of its matrix. The hardened steel matrix is

usually a complex mixture containing one or more
of the following components, as recognized by
metallurgists: untempered and tempered mar-
tensite, ferrite, pearlite, bainite, and carbides such
as cementite. Some of the methods developed to
date are as follows

:

Volumetric. This method depends on the dif-

ference between the specific volume of retained
austenite and that of its matrix. Except for the
two-component system (retained austenite + un~
tempered martensite) this method provides results-

of uncertain accuracy because of differences m.
the specific volumes of undetermined quantities of
the additional matrix components usually present
in hardened steels.'^ The dilatometric method in-

volving measurements of length changes in hard-
ened steel bars has limitations similar to those
for the volumetric method.
Magnetic. The great difference in magnetic

properties between austenite and its matrix com-
ponents has been used to observe relative changes
in austenite content. This method is useful pri-
marily for following changes in austenite content
with heat treatment.^

Lineal analysis or point counting. These
methods involve estimating the proportion of
austenite visible in a pohshed and etched surface
of the sample using either opticaP or electron
microscopy.* These methods provide accurate es-
timates in principle but are hmited (a) because
the retained austenite may be too finely dispersed
to be visible in the optical microscope, thereby
biasing austenite percentages on the low side or
(b) because the retained austenite is not dis-
tributed uniformly enough to give good precision
when making measurements on electron micro-
graphs at the high magnifications required to see
all of the austenite. Precision could be improved
by greatly increasing the number of electron mi-
crograph areas measured, but the time required
rapidly becomes prohibitive. A semiautomatic
method for making lineal analysis measurements
directly in an electron microscope using a Hurlbut
counter* increases the speed of analysis and per-
mits greater precision in a given time; however,
it still requires about three man-hours to obtain
precisions comparable to those attainable by X-
rays in about one man-hour per analysis.
X-ray diffraction (external standard). This

method involves comparing the intensity of an
austenite diffraction line with a line of a reference
substance such as gokP or aluminum*' after both
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sample and reference have been exposed equally

to the primary X-ray beam. This method is cah-

brated using austenite standards obtained by

lineal analysis or point counting'' and are subject

to the limitations of these microscopic methods.

In addition, the use of unfiltered or K^ filtered

radiation limits the sensitivity of this method to

5 to 10 per cent retained austenite.

X-ray tliffraction (integrateil intensity). After

evaluating the hmitations of the methods previ-

ously described, Averbach and Cohen' developed

an X-ray diffraction film method which has ade-

quate sensitivity (0.5 per cent) and which does

not require external standards for calibration.

Beu^- ' modified this method to increase the sensi-

tivity to 0.2 per cent, to improve the accuracy, and

to evaluate the factors affecting precision and ac-

curacy.^" This basic method, designated the Inte-

grated Intensity Method, will be discussed in de-

tail in the next section together with the factors

involved in attaining the desired sensitivity, ac-

curacv, and precision for most metallurgical prob-

lems of interest.

The Integrated Intensity Method. The Inte-

grated Intensity Method involves measuring the

areas of diffraction peaks of the gamma (austen-

ite), alpha (tempered + untempered martens-

ite + ferrite), and carbide (cementite) phases on

diffraction chart records of hardened steel sam-

ples. These phases are designated A, M, and C,

respectively. The area of a given (hkl) diffraction

peal- is proportional to the energy diffracted by

the crystalline component giving rise to that peak

and is called the integrated intensity of that peak.

The concentration of a phase such as austenite is

determined using 1 he equations

:

Ja = Ga-Va (1)

Va + Vm + Vc= V (2)

Per cent A = (Va/V) X 100 (3)

In words, Eq. (1) states that the integrated in-

tensity IA for a given (hkl) peak of austenite is

proportional to the volume concentration number

Va , the proportionahty constant for that peak

being Ga . The values of Va , Vm ,
and Vc are cal-

culated for one or more diffraction peaks of each

phase using the correct G factor for each peak. If

more than one V value is obtained for a given

phase,* the V's for that phase are averaged® and

the average F's used in Eqs. (2) and (3) to calcu-

late the volume per cent austenite. Per cents C
and M are determined in the same manner al-

though M is used primarily as an internal standard

to permit calculating absolute percentages for A
and C. The assumption is made in Eqs. (2) and

(3) that the sum of A + M + C is equal to 100

per cent of the sample. This is essentially true for

plain carbon and most hardenable alloy steels since

all of the sample components observed metallo-

graphically are A, M, or C from a crystallographic

A'iewpoint.

Two possible complications can be handled

* It is desirable from the viewpoint of precision

and accuracy to use as many V's as practical.

readily: (a) The tetragonality of untempered mar-

tensite causes diffraction hne splitting and over-

lapping with the corresponding ferrite (hkl) re-

flection. By measuring the total M diffraction area

for a given (hkl) type reflection, the volume con-

centration number, Vm , for this group of body-

centered constituents may be determined. This is

entirely satisfactory for these purposes since it is

the integrated intensity of the total M that is

needed to determine the absolute percentage of

A or C. (b) If carbides having a structure different

from that of cementite (FesC) are present in sig-

nificant quantities, it may be necessary to deter-

mine C by a different technique such as lineal

analysis.

The proportionahty factor G is calculated for a

given (hkl) reflection and phase using the equa-

tion

G = k-N'-F'-7n-iL.P.)-e-'M-A{d) (4)

where

k = a constant for a given experiment,

N = number of unit cells per cc,

F = structure factor per unit cell,

7n = multiphcity of reflecting planes,

(L.P.) = Lorentz and polarization factors,

e-2i^ = Debye-Waller temperature factor, and

A(d) = sample absorption factor calculated

for a flat sample surface inchned at

deg to primary monochromatic

X-ray beam.

G factors for martensite and ferrite, austenite,

and cementite for iron K alpha and chromium K
alpha radiations have been evaluated'" and are

given in Table 1. The accuracy of retained aus-

tenite determinations depends on the accuracy

with which the G factors can be calculated. A
measure of the accuracy of the G factor calcula-

tions may be obtained utiUzing a special type of

synthetic" mixture sample as follows: Pie-shaped

segments of two samples, one of pure austenite

and the other of pure ferrite (representing M) are

fitted together and the assembled disc rotated in

its own plane so that the proportion of austenite

exposed to the X-ray beam is determined by the

ratio of the angle R to 360° (see Fig. 1).

Appropriate G factors were calculated for the

ferrite (0 per cent carbon) and for the austenitic

steel used (12 per cent manganese). Synthetic

mixtures of this type were prepared in the range

of 5.0 to 50.0 per cent austenite and some of the

results obtained are given in Table 2. It can be

seen that the calculated percentages agree with

the synthetic mixture percentages within 1 to 2

per cent over the entire range when using iron K
alpha radiation and as few as three, or as many

as six, diffraction peaks. This indicates that the G
factors have been accurately evaluated for this

radiation within the precision of measurement.

Figure 2 illustrates the precision attainable us-

ing monochromatic iron and chromium X alpha

radiations. As can be seen, a greater precision may
be achieved by using more diffraction peaks. Ac-

curacy can also be improved by using more dif-
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fraction peaks.'° On this basis, iron K alpha is to

be preferred to chromium K alpha since a maxi-

mum of six peaks is available for iron compared
to four for chromium.
Other factors which may affect the accuracy of

the method are grain (crystallite) size, microab-

sorption, and primary extinction. If the grain size

is large enough to cause spotty diffraction lines,

the flat sample surface should be rotated in its

own plane to eliminate spottiness. This can be
done with the apparatus describe, d in the next sec-

tion. Microabsorption effects are essentially ab-

Table 1. G Factors for Martensite and
Ferrite, Austenite, and Cementite.

Iron Ka Chromium Ka

Crystalline Phase
Diffrac-
tion

Peak

G
Factor

Diffrac-
tion
Peak

G
Factor

Martensite plus

Ferrite (0%
carbon)

(200)

(211)

(220)

2.27

8.31

6.65

(200)

(211)

3.56

24.87

Austenite (0%
carbon)

(220)

(311)

(222)

4.58

10.54

4.41

(200)

(220)

3.97

8.22

Austenite (1%
carbon)

(220)

(311)

(222)

4.36

9.52

3.71

(200)

(220)

4.94

6.51

Austenite (12%
manganese +
1% carbon)

(220)

(311)

(222)

4.10

8.90

3.46

(200)

(220)

4.82

6.34

Cementite (FeaC) (140)

(313)

(330)

(043)

2.16

1.42

—
—

sent since the mass absorption coefficients of M
and A are nearly ecjual.'' Primary extinction effects

are negligible because of the microstresses in the

M and A crystallites.'^ Thus, these factors do not

affect the accuracy of the method.
A final comment on accuracy concerns the use

of diffraction peak height rather than integrated

intensity measurements. A survey of 38 samples
in the 1 to 15 per cent austenite range indicated

differences as great as 75 per cent of the calculated

austenite percentages between peak height and in-

tegrated intensity measurements. The peak height

data were probably in error because peak height is

not as accurate a measure of diffracted energy in

this case as peak area. Austenite and martensite
peak shapes are affected, among other things, by
microstresses and by the relative proportions of

untempered and tempered martensite and ferrite.

For these reasons peak height measurements,
while easier to make, are unrehable indicators for

accurate austenite determinations.

Experimental Data for the Integrated Inten-

sity Method. Procedure for obtaining high sen-

sitivity, precision and accuracy. It has been
demonstrated that truly monochromatic radiation

is required to obtain the ultimate sensitivity of

0.2 per cent retained austenite.'^' ^° Iron K alpha
radiation obtained from a bent and ground focus-

ing ciuartz crystal gives monochromatic radiation

most suitable for plain carbon and low alloy

steels and, using film technique, permits the use

of reasonable exposure times (1 to 4 hours de-

pending on the austenite concentration). A mono-
chromatic film unit for this purpose is shown in

Fig. 3.

A microphotometer with a large film scanning
slit (0.75 X 4.0 mm.) is used to obtain a chart for

the quantitative measurement of diffraction peak
areas. Using such a large slit does not affect the

resolution of the peaks since they are inherently

broad, but it does reduce the noise on the record

so that higher sensitivity and precision may be
obtained." Figure 4 is a typical microphotometer

PURE AUSTENITE
(12% Mn Steel)

INSTANTANEOUS AREA
EXPOSED TO X-RAY BEAM

(About W^ Square)

Fig. 1. Bulk synthetic mixture sample of austenite and ferrite
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Table 2. Calculated Percentage of Austen-

iTE Obtained Using Synthetic Mixtures.

Synthetic Mixture
Samples

Calculated Percentage of

Austenite Using Iron Ka

Angle R,
deg

Percentage of

Austenite,
100 R/360

Six Peaks
(A)

Three Peaks
(B)

18

36

72

108

180

5.0

10.0

20.0

30.0

50.0

4.9

11.2

20.5

31.5

50.8

4.6

10.7

20.9

32.1

52.6

(A) M(200), M(211), M(220), A(220), A(31I), A(222), peaks

(B) M(200), A(220), A(311) peaks

and A (200) and between the A (311) and A (222)

peaks to be essentially free of diffraction peaks

and to represent the theoretical background. The
background on either side of these regions is then

assumed to vary slowly and uniformly. Using this

criterion, the complete background curve and re-

solved peaks can be readily drawn in and the peak

areas (background area subtracted from peak +
background area) measured using the midpoint

ordinate rule^^ as a short cut for measuring ir-

regular areas. Using this procedure, analyses for

retained austenite and cementite having high sen-

sitivity, precision, and accuracy can be made in

about one man-hour per analysis.

It is conceivable that a scanning diffractometer

technique of comparable sensitivity and precision

10 20 30 40

Per Cent Austenite

Fig. 2. Variation in standard deviation with percent austenite for monochromatic iron

and chromium radiations.

chart of a sample containing 4.3 per cent retained

austenite and 7.1 per cent cementite.

Some of the M, A, and C peaks partially over-

lap each other and need to be resolved graphically

along with drawing in a background curve on the

microphotometer chart. A satisfactory criterion

for the peak resolution in this particular case is

to consider the two regions between the M(200)*

* Specific martensite and austenite diffraction

peaks will be referred to as M(200) and A (200),

for example.

could be developed using monochromatic radia-

tion (point by point diffractometer counting tech-

niques could be used but these are very time-con-

suming). Such a scanning diffractometer technique

would still reciuire about one man-hour per analy-

sis to resolve the peaks, measure the areas, and

calculate percentages. The use of bent LiF mono-

chromator crystals may be advantageous in de-

veloping such a technique since these crystals

may be prepared more rapidly than bent and

ground quartz and they may have a greater in-



(a)

(b)

Notes: Sample surface can be rotated in its own plane. 0, the angle between sample sur-
face and momochromatic beam adjustable by rotating about vertical axis. B. Film holder
can also be rotated about B so that film can be exposed over desired angular range. For
FeKa, \ =1.932 A. 10111 planes of quartz have d = 3.35 A. = 60°

_
Fig. 3. Quartz Crystal Monochromator Diffraction Unit Adjusted for Iron K Alpha Radia-

tion, (a) Schematic; (b) Photograph.
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(200) (211) (220) MARTENSITE

AUSTENITE

CEMENTITE

Fig. 4. Microphotometer record of a gage block containing 4.3% austenite and 7.1%
cementite.

tensity of monochromatic radiation .^^ It should

be pointed out that flat crystal monochromators
are not to be recommended since their mono-
chromatic intensity is too low to be practical for

either film or diffractometer techniciues.

Other useful monochromatic radiations are co-

balt K alpha and chromium K alpha (manganese
K alpha would also be useful but it is not avail-

able as target material in most commercially
available sealed-off X-ray tubes). The sensitivity

obtainable with cobalt K alpha is slightly less

(about 0.5 per cent) than that obtainable with

iron K alpha because the small amount of man-
ganese usually present in commercial steels fluo-

resces slightly to cobalt radiation and reduces the

peak to background ratio on a diffraction chart

record. The sensitivity obtainable with chromium
K alpha is comparable to that with iron K alpha

but there are some limitations on the accuracy of

chromium data. For example, using the synthetic

mixture samples previously described (see Fig. 1)

the calculated austenite percentages have been
observed to differ from the mixture values by as

much as 7 per cent of the total sample. Chromium
K alpha radiation is required, however, for high

alloy steels containing more than a few per cent

chromium or vanadium since these elements fluo-

resce strongly to either iron or cobalt K alpha
radiations.

Sample preparation. The instability of re-

tained austenite renders the problem of sample
preparation peculiarly difficult, especially if it is

necessary to cut out the sample from a larger

piece. Grinding, sanding, and even careful metal-
lographic polishing have all been shown to affect

the austenite content of the immediate surface

which is to be analyzed by X-rays." As a general
rule, the less mechanical surface preparation re-

ciuired, the more likely that the surface austenite

content will be representative of a homogeneous
sample. The ideal situation is one in which no
mechanical surface preparation is required, but

when such preparation is required, it has been

found that electrolytic removal of 0.010 to 0.030

in. usually results in a representative sample sur-

face for austenite determination.

Since the percentage of retained austenite is a

sensitive function of the carbon content of the

steel, slight surface decarburization is reflected in

a lower austenite content at the surface compared
to the interior of the sample." The sensitivity of

retained austenite in this respect is illustrated in

that slight decarburization (or carburization) can

often be detected in samples that have been heat-

treated in "neutral" salt or "neutral" gas atmos-

phere furnaces.

The effects of decarburization may also be elim-

inated by electrolytic removal of 0.010 to 0.030 in.

from the sample surface or may be prevented by
plating 0.002 in. copper on the sample prior to

heat treatment. The copper is then stripped chem-
ically prior to measuring the austenite concentra-

tion. One-eighth in. thick steel discs, copper-

plated, heat-treated, and then stripped of the

plate, have been found to have a uniform aus-

tenite concentration from one surface, through the

entire sample thickness, to the other surface,

within the precision of measurement. Needless to

say, austenite determinations made in conjunction

with electrolytic metal removal and copper-plat-

ing techniques can be used to study such things

as austenite distribution with depth due to car-

burization, decarburization, other heat-treatment

variables, grinding, polishing, and other methods
of surface finishing hardened steels.

The integrated intensity method was developed

based on the assumption that the sample surface

is flat and correctly oriented with respect to the
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monochromatic beam and film cylinder (see Fig.

3a). It has been shown^^ that reasonable depar-

tures from these conditions, including a rough or

curved sample surface and misorientation of the

surface with respect to the X-ray beam or film

cylinder, are permissible before there is any sig-

nificant effect on the precision or accuracy of the

austenite determination.

A Diffractometer Method. It has been shown
that the proper monochromatic radiation is re-

ciuired to obtain 0.2 per cent sensitivity, while the

use of filtered radiation results in a sensitivity of

only about 10 per cent. This statement applies

whether using film or diffractometer methods.
There is an exception to this, however, which per-

mits attaining a sensitivity of 1 to 2 per cent.

This exception involves using a diffractometer

with chromium radiation and a 0.001-in. thick

vanadium foil (not oxide) filter between the

sample and the detector. Using these conditions,

a sensitivity of about 2 per cent can be attained

using the A (220) peak^'^ or about one per cent
using the A (200) peak.'° The major advantage of

this diffractometer method is that it does not re-

quire special X-ray equipment as do the mono-
chromatic techniques. The disadvantages include

(1) the limitations on accuracy when using chro-

mium radiation, as pointed out before, and (2)

the difficulty of measuring carbides directly be-
cause of the limited sensitivity.
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AUTOMATED ANALYSIS. See Bone Mineral Content.

AUTOMATIC DIFFRACTION INTENSITY DATA REDUCTION

Increasing demands upon the accuracy of X-ray
diffraction crystal structure analysis, and expan-
sion into the realm of structure determination of

complex biological molecules, have made neces-

sary the development of routine methods for col-

lecting and processing vast quantities of three-

dimensional, single-crystal intensity data. Whereas
efficient analog devices designed for data collec-

tion are just now being developed (for example,

the diffractometers of Arndt and Phillips^ and
Langdon and Frazer^"), high-speed digital com-
puters long have been available for data process-

ing. Consequently, the tools for accomplishing this

portion of structure determination have been de-

veloped to a relatively advanced stage.

Digital computing machines widely used and
readily available, such as the IBM 7090, Uni-
vac 1107, and the Philco 2000 computers, have
just those qualities required for automatic data

reduction, i.e., extensive rapid-access program and
data storage, virtually unlimited magnetic-tape

storage capacity, versatile high-speed input and
output, and widely accepted symbolic coding sys-

tems such as Fortran. The last advantage is of par-

ticular value in that programs written for cur-

rently available machines do not become obsolete

when these machines are replaced by more ad-

vanced models. Thus, it has become worthwhile to

spend considerable time in the preparation of

sophisticated computer programs designed for gen-

eral usage.

Current Status of Automatic Data Processing.

At present, most laboratories are equipped with

collections of programs designed to handle various

portions of the data-reduction process on a more
or less individual basis. Many such programs
available for distribution are listed in the Mark
series of compilations prepared by the Committee
on Crystallographic Computing of the American
Crystallographic Association.

It is apparent that there has been a great deal

of duplication of effort in the past, and that most
existing programs no longer are of widespread ap-

plicability. Furthermore, there are very few fully

automatic programs in existence which are ap-

licable over a wide range of experimental con-

tingencies. One such program recently has been
prepared which would seem to satisf3^ the needs
of many crystallographic laboratories for some
time to come.^° This program, applicable to data

obtained by Weissenberg and precession goniome-
ters, is completely Fortran-coded for the IBM
704 and 7090 computers. As automatic dift'ractome-

ters become available in the future, programs
tailored to the special needs of these devices will

need to be prepared. However, since the basic

requirements of automatic data reduction remain
essentially the same regardless of goniometer type,

the following discussion, which is applicable more
specifically to the conventional goniometers,

should be applicable with suitable extrapolation

considerably into the future.

Requirements. 1. The program shoidd be de-

signed around a comprehensive data-collection

system such that it will accept and process most
contingencies arising from foreseeable experimental

situations. 2. It should be automatic to the extent

that it accepts directh' the output of intensity'

collection systems, and j'ields, without intermedi-
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ate intervention by the crystallographer, the data

necessary for input to structure determining and

refining procedures. 3. The program output should

be directly compatible with the input to structure

determining and refining programs, and should be

sufficiently versatile to allow for a variety of ap-

proaches to these problems. 4. Whereas program
changes should be necessary only at rare intervals,

the program code should be readily amenable to

change, even by persons not involved in its prepa-

ration.

Details of Data Reduction. In general, single-

crystal diffraction intensity data are observed in

sets, usually on film, where each set contains the

results of a single experiment. For each experiment

certain goniometer settings are held constant, and

all data in the set are on a common arbitrary

scale. Usually the goniometer settings and scale

are different for different sets. Hence, in broad

outline, the process of data reduction consists of

correcting the intensities for experimentally intro-

duced aberrations (thus reducing them to struc-

ture factor form), placing all sets of data on a

common scale, adjusting this scale to the absolute

base, and finally averaging crystallographically

equivalent structure factors and listing them in

convenient form.

Specifically, the processing proceeds in the fol-

lowing stepwise manner

:

1. The raw data are subjected to preHminary
processing required by the peculiarities of the data-

collecting process. For example, for multiple-film

Weissenberg or precession data,* the intensities ob-

tained from the various films in the film packs

must be correlated, scaled, and averaged.

2. Functions of the Bragg angle, 6, are calcu-

lated for each reflection. The most useful of these

are ^ and (f as defined by Buerger'* and sin 6/\.

3. Lorentz-polarization and spot shape correc-

tions are applied. The effects giving rise to these

corrections are well covered in the literature, and
equations for their calculation are known for the

conventional goniometers.^' ''' ^^' "^ The Lorentz fac-

tor has been expressed in general form by
Buerger.^

4. Steps 1-3 above are very rapidly accom-

plished on high-speed computers, and with only

slight extension, can be used to detect various

types of errors in the data. Step 1 may be ex-

tended so as to detect obvious errors in transcrip-

tion of data and computer input preparation.

Steps 2 and 3 can be used to detect indexing

errors leading to specification of Miller indices

actually lying beyond the range of observation.

5. If the crystal contains a strong radiation ab-

sorber, the intensities may be corrected for this

by using, for example, the algorithm of Busing

and Levy.^

6. A correction must be applied to allow for the

effect on intensity of the resolution of the /cai

and ka2 X-ray spectra at high diffraction angles.

Since the intensity of the kai spectrum is very

nearly twice that of the ka2 , an obvious type of

correction is to multiply all resolved kctx intensities

by 3/2. Of course, this does not properly scale the

intensities in the zone of intermediate resolution.

For very exact work, more sophisticated correction

methods are available.^®

7. If there is sufficient overlap of crystallo-

graphically equivalent data among the individual

sets of data, all sets may be correlated and placed

on a common scale. For conventional single-crys-

tal goniometers, the data within a set are com-

mon to a single reciprocal lattice net. This net can

be specified as the 0th, 1st, 2nd, . .
.

, or nth layer

observed at a particular crystal setting. The crys-

tal setting can be defined by the zone axis indices

[U V W]. If data have been collected about at

least two different crystal settings, then the sets

may be correlated provided that each set from

each crystal setting contains nonzero intensities in

common with at least one set from a different

crystal setting. All reflections common to a re-

ciprocal lattice net obey the relation

hV -\- kV + IW = n

where h, k, I are the Miller indices and the other

quantities are as deflned above. This equation is

the basis for setting up a generalized automatic

program for searching for reflections common to

sets of data from different crystal settings. The
determination of scale factors may be done by

least squares either iteratively" or more directly

by an eigen-vector, eigen-value approach.^®

8. Crystallographically equivalent data are av-

eraged so that nonredundant Hstings can be pre-

pared.

9. The common but arbitrary scale is adjusted

to the absolute base. For this purpose, a modified

form of the Wilson equation may be used,^** i.e.,

log Zi
log A + BS,'

where / represents intensity, A is the absolute-base

scale factor, e and o-o are as defined by Haupt-

man and Karle^ and Karle and Hauptman,^^ and

summations are taken over the ith increment in

sin e/\ with center value Si . Log A, B, and x are

constants found for a specific crystal by simple

iterative procedures using the least squares prin-

ciple. Atomic scattering factors required for cal-

culation of 0-2 may be evaluated by using the

analytic approximation of Vand, Eiland, and Pep-

insky."° The applicability of this approximation has

been greatly extended by the work of Forsyth

and Wells.'

'

Normalized structure factors, E, can be calcu-

lated directly from the parameters obtained from

the modified Wilson equation, i.e..

\E\^ = — exp [K^OI-
The normalized structure factors are of considera-

ble practical value in phase determining meth-

ods"- "• ^- and can be used in calculating sharpened

Patterson and electron density functions.^"

10. Finally, the results of the data processing

are listed in an output of two distinct types.
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The first of these consists of hstings for visual

examination. These listings should include Miller

indices, useful functions of theta, the various cor-

rection and scale factors, structure factors, and
normalized structure factors. Both a nonredundant
listing of averaged data and a listing of data in

their original sets should be included. Two useful

modes of listing are :

1. Lexicographic order of h, k, I.

2. Decreasing order of magnitude of E.
The second type of output is written on mag-

netic tape in formats compatible with the input

to programs for structure determination (e.g., di-

rect phase determining and Patterson function

calculating programs), and structure refinement

(e.g., the least squares refinement program of

Busing and Levy*^). If necessary the contents of the

tapes may be transferred to punched cards, each
of which contains the data for one reflection. The
data then are available for alteration, sorting, etc.

Undoubtedly it is wise to be quite lavish in de-

signing the output from a fully automatic pro-

gram. This will ensure that all necessary informa-
tion is available and in convenient form for the
further stages of the structure analysis.

References

1. Arndt, U. W., and Phillips, D. C, Acta Cryst.
14,807 (1961)

2. Buerger, M. J., Proc. Nat. Acad. Sci. 26, 637
(1940)

3. Buerger, M. J., ''X-Ray Crystallography," p.
135, New York, John Wiley & Sons, Inc.,

1942.

4. Buerger, M. J., ''Crystal Structure Analysis,"
pp. 86-88, New York, John Wiley & Sons,
1960.

5. Busing, W. R., and Levy, H. A., Acta Cryst.
10, 180 (1957)

6. Busing, W. R., and Levy, H. A., "A Crystallo-
graphic Least Squares Refinement Program
for the IBM 704," Oak Ridge Nat. Lab.
Central File No. 59-4-37, 1959.

7. Cochran, W., J. Sci. Instr. 25, 253 (1948)
8. Forsyth, J. B., and Wells, M., Acta Cryst. 12,

412 (1959)
9. Hauptman, H., and Karle, J., "Solution of the

Phase Problem, I. The Centrosymmetric
Crystal" Wilmington, 1953.

10. Karle, I. L., Hauptman, H., Karle, J., and
Wing, A. B., Acta Cryst. 11, 257 (1958)

11. Karle, J., and Hauptman, H., Acta Cryst. 9,
635 (1956)

12. Langdon, F., and Frazer, B. C, Rev. Sci. In-
str. SO, 997 (1959)

13. Levy, H. A., and Ellison, R. D., Acta Cryst.
13,270(1960)

14. Nordman, C. E., Acta Cryst. 13, 535 (1960)
15. Norment, H. G., "An X-Ray Diffraction Data

Reduction Program for the IBM 704 and
7090," U.S. Naval Research Laboratory Re-
port No. 5739, Washington 25, D.C., 1962.

16. Papoulis, A., Rev. Sci. Instr. 26, 423 (1955)
17. Phillips, D. C, Acta Cryst. 7, 746 (1954)
18. Rollett, J. S., and Sparks, R. A., Acta Cryst.

13,273 (1960)
19. Schoomer, B. A., Private communication.
20. Vand, V., Eiland, P. F., and Pepinsky, R.,

Acta Cryst. 10, 303 (1957)
21. Waser, J., Rev. Sci. Instr. 22, 563, 567 (1951)

22, Woolfson, M. M., "Direct Methods in Crys-
tallography," New York, Oxford University
Press, 1961.

H. G. Norment

AUTOMATION. See Diffractometers: Programmed Automatic.

AUTORADIOGRAPHY OF TISSUE*

This discussion concerns techniques used for

autoradiography of human and animal tissues and,

to a limited extent, plant tissues. Methods are

outlined which will enable those relatively in-

experienced in autoradiography to plan an experi-

ment involving alpha, beta or gamma emitters

and to proceed with the experiment confident of

obtaining meaningful autoradiograms. A current

bibliography of autoradiographic techniques for

the period 1954 to 1959 has been compiled by
Johnston.^ Boyd^ also cites numerous literature

references in his textbook. Foreign journals often

carry detailed papers relating to autoradiography
which should not be overlooked as a source of in-

formation.

The technique which produces an image on a

photographic plate or film when radioactive ma-
terial is apposed to it is called "autoradiography."

The result of the exposure of an emulsion to a

radioactive specimen is called an "autoradiogram."

The autoradiogram supplies a graphic record of

the sites of deposition of radioactive isotopes

within or on a tissue, either macroscopic, as in

the case of plant leaves, or in some cases micro-

scopic, at or below the cellular level. Autoradiog-
raphy of tissues containing alpha, beta or gamma
emitters may be performed.
Suggested Autoradiographic Techniques for

Alpha Emitters: Plutonium. In industries where
contamination of personnel with radioactive sub-

stances is possible, low-level detection procedures
are necessary. Plutonium, an alpha (5.14 mev)
emitting radionuclide with some gamma radiation

and a 24,300 year half-life, may be used as an ex-

ample to illustrate one autoradiographic technique
by which either particulate or soluble material may
be graphically^ localized.

A 24-hr sputum sample^ from a person known to

have inhaled plutonium was taken and fixed in

10 per cent formalin, as was a biopsy of skin from
a puncture wound in the hand. The samples were
dehydrated in Cellosolve (ethylene glycol mono-
ethyl ether), cleared in x^vlene and embedded in

paraffin. Sections were cut and floated on a water
bath, then transferred by a clean glass slide to a

crystallizing dish containing distilled water. Work-
ing under light filtered by a Wratten OA filter,

5 fM NTA emulsion coated on 1 X 3 in. slides with
a thin gelatin protective "T" coat were slipped

* Work performed under Contract No. AT(45-
1)-1350 between the Atomic Energj?- Commission
and General Electric Company.
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Fig. 1. Autoradiogram of stained x'ction of liu-

man sputum illustrating diffuse alpha track pattern

of Plutonium in solution. X 450.

under the sections. After the excess water was

drained onto filter paper, the slides were placed

in a hght-tight plastic box. A small vial of a

desiccant (CaS04) lightly closed with a cotton

plug was added.

The appearance of the tracks from plutonium

which was in solution in human sputum is char-

acterized in Fig. 1; individual alpha tracks pro-

ceed in a straight line. The appearance of the

tracks in sputum when plutonium is in the particu-

late form is illustrated in Fig. 2, in which alpha

tracks arise from a central point, with some ran-

dom single tracks in the field.

Thirty-three sections from the plutonium-con-

taminated skin biopsy* were autoradiographed by

the above processing method. All of the 250 indi-

vidual skin sections were scanned in a thin-window

alpha detector. Radioanalysis showed that the en-

tire skin-biopsy specimen contained 0.0046 /xc

while individual sections varied from to 362 dis-

integrations per minute. The appearance of one

autoradiogram of a human skin section is il-

lustrated in Fig. 3, in which alpha tracks may be

seen arising from particles. In addition, random
alpha tracks may be seen.

Suggested Autoradiographic Techniques for

Beta Emitters: V\ Ru' % Sr ', and P ". lodine-

131, with an eight-day half-hfe, is predominantly

a beta emitter with some gamma emission. It was

administered to sheep in an acute and chronic

feeding experiment" to determine the effect of

radioiodine on the thyroid gland of grazing ani-

mals. The autoradiographic response of the thy-

roids of some of these animals is of interest.

Thyroid samples were routinely fixed in Bouin's

solution from 8 to 12 hr, followed by dehydration

in Cellosolve and normal paraffin embedding.

Adjacent sections were selected from the ribbons.

One section was stained routinely with hematox-

ylin and eosin; the other was floated into a crys-

tallizing dish containing distilled water, from

which it was floated onto a slide bearing a 5 ^

NTB emulsion plus a protective "T" coat. The

shdes were then exposed for five days for tissue

from those animals which had received 100 ^c

I'^^ IV and sacrificed after one hour; exposed

five and one-half days for tissue from animals re-

ceiving 100 fic IV and sacrificed after 4 hr; and

exposed for nine days for tissue from the animal

which had received 5 /xc per day for 68 months.

The autoradiograms were exposed in light-

tight boxes containing "Drierite." The slides were

warmed to room temperature and developed in

D-19 at 18°C for five minutes, water-rinsed and

fixed in X-ray fixer for 30 minutes. They were

water-washed and stained with hematoxylin and

eosin. Sections that adhere to the emulsion can

usually be stained satisfactorily, if the staining

procedure is not prolonged to the point where

overstaining of the emulsion is apparent.

The appearance of the autoradiograms of sheep

thyroid tissue from animals administered 100 ^c

intravenously and sacrificed one hour post-injec-

tion is illustrated in Fig. 4. The grain response is

relatively uniform over both the colloidal areas

and the epithehal cells. The colloidal areas in ani-

mals administered 100 /wc and sacrificed at 4 hours

are shown in Fig. 5. The grain distribution is more

^*« * ^V* ^^

.

Fig. 2. Autoradiogram of stained section of

human sputum illustrating star formation of alpha

tracks originating from plutonium particle m cen-

tral position. X 450.
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»
Fig. 4. Aiitoradiogram of stained sheep thyroid.

Animal was administered 100 Microcuries of I"^

intravenously and sacrificed in 1 hour. Limited
grain density increase over colloidal areas and
epithehal cells. X 400.

Fig. 3. Aiitoradiogram of human skin showing
distribution of plutonium and alpha tracks ap-
proximately 800 microns beneath Stratum corneum.
Hematoxylin and eosin preparation. X 110.

pronounced over many of the colloidal areas, in-

dicating a variable uptake of I"^ by the colloid in

some of the folHcles. In Fig. 6, an animal fed 5

Mc/day for 68 months, there is an even distribution

of grains over the colloidal areas in microfollicles

of the thyroid.

It is interesting to compare at this point the
autoradiographic response of Ru^°^ another beta
emitter, having some gamma emission and a half-

life of one year. In this case the ruthenium was
administered in an insoluble particulate form.
Ruthenium^"*^ dioxide particles were adminis-

tered to mice by intravenous and intratracheal in-

jection in 0.1 per cent aqueous dispersions of the
wetting agent, Tween 80.*'' ^ The animals were
sacrificed from 100 to 420 days post-injection. One
experiment in autoradiographic quantitation was
conducted on a single mouse which had been in-

travenously injected with 47 fxc of Ru'^'^Qo parti-
cles, ranging in size from 0.5 to 0.8 micron. A
portion of these particles lodged in the lungs of
the animal. The lungs were excised after 100 days
exposure and fixed in 70 per cent ethyl alcohol.

Autoradiographic processing was as outlined above
for I^^\ The result was a series of sections through

Fig. 5. Autoradiogram of stained sheep thj'roid

4 hours following administration of 100 microcuries
of r^\ Specific increase in grain density over
various colloidal areas indicates variable uptake
bv follicles. X 100.



AUTORADIOGRAPHY OF TISSUE 82

^^

^^^t

* # *^

#

t .r

^1

Fig. 6. Autoradiogram of stained sheep thyroid

after 68 months of feeding of 5 microcuries of I^^'

per daj^ Negative grain density is apparent over

areas of edema, with a hmited uptake in the

colloidal areas of the microfolhcles. X 300.

^' :^

Fig. 7. h^tamed lung autoradiogram illustrating

deposition of Ru^'^^02 particles with resultant spot

diameter darkenings. X 110.

the entire lung; one section was stained with

orcein, one unstained autoradiogram followed it,

and this in turn was followed by a section stained

by the Mallory method, to register connective tis-

sue locations in relation to the "spot diameter"

response of the unstained autoradiograms. A "spot

diameter" is the grain response of the emulsion to

a single radioactive particle. The staining sequence

was followed through the entire lung. All of the

sections were measured for Ru^°® content on a

mica window beta counter.

The insoluble ruthenium particles ehcited a

specific "spot diameter" response in the NTB
emulsion. This was a well-defined circular area of

developed emulsion grains over the precise loca-

tion of the deposited particles, as illustrated in

Fig. 7. Knowing the total activity density for a

specific slide, the activity density of a single par-

ticle was taken as proportional to the diameter of

the darkened area of the emulsion. Thus, if a num-
ber of particles were present on a single sHde, the

total counting rate was compared with the sum
of all of the darkened area on that slide. There-

fore, each particle could be assigned an activity

density evaluation directly proportional to the

size of the individual "spot diameter" measure-

ment of the emulsion. The "spot diameter" dark-

enings of the grains of the emulsion varied in size,

ranging from 8 /^ to 170 /m. A linear relationship

existed between the sum of the spot diameters

or a single spot diameter and the total activity of

each autoradiogram.

This particular technique provides a means of

measuring the radioactivity of a single radioactive

particle or many particles within tissue when the

exposure, processing, and development are stand-

ardized. The particles occur in a pattern of dis-

tribution such that the accumulated dose from

nearby particles is sufficient to initiate fibrosis.

By means of the serial sections stained specifically

for connective tissue and the autoradiograms, it is

possible to reconstruct the tissue in depth and

study the relationship of the fibrosis to the spe-

cific location of the deposited radioactive particles.

The autoradiographic technique for Sr''°S04 in

lung tissue of mice, administered 1 |UC per animal

by inhalation, is mentioned here for comparison

with the foregoing methods.

Sections from lung tissue fixed in 80 per cent

ethyl alcohol were processed in a manner similar

to iung tissue containing Ru^°'' particles.^ The film

used in this case, however, was 25 fi "No-Screen"

X-ray, single-coated, on 1 X 3 in. slides. These

shdes had a protective coating. As counting tech-

niques indicated a low activity density for the

sections, they were exposed for eight weeks. The

use of X-ray emulsion made it possible to register

activity densities that were approaching the lower

limits of detection by normal counting techniques.

The autoradiogram of the lung section contain-

ing Sr**", illustrated in Fig. 8, shows both a diffuse

and particulate response to the radioactive ma-

terial. The adjacent histological section is included

as Fig. 9 for comparison purposes. A noticeable

background of grains, more obvious than in
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Fig. 8. Autoradiogram of lung section from
chronic Sr^°S04 inhalation experiment. Particul-

late and diffuse distribution with heavy back-
ground grain density of X-ray emulsion visible.

X 260.

14 «4>v^--^rc^rt^#i-.^^! ^ ,r^YvM

Fig. 9. Hematoxylin and eosin stained histologi-

cal section adjacent to Fig. 8, for orientation pur-
Doses. X 260.
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NTA and NTB emulsions, is observable. This is

due in part to the 25 /u, thickness of the X-ray
emulsions and in part to the greater sensitivity.

Even greater sensitivity could have been obtained

had the film used been of the double-coated type.

However, the image rendered would have been
more diffuse because the emulsion layers are

coated on either side and separated by an acetate

base. In this case detail has been sacrificed to

record low activity density deposition of diffuse

and particulate Sr"".

The next example is that of a beta emitter, P'^-,

which has a 14.5 day half-life.'' A gross, fast survey

method for the detection of P''^ administered to

rats by intraperitoneal injection of 2.5 fic per gram
of body weight is outlined. The rats were sacri-

ficed 24 hr following administration of the P^^ as

NasHP'^'O,

.

The emulsion of choice in this case was 25 fi,

single layer, No-Screen X-ray emulsion on 1 X 3

in. slides. Detail was sacrificed for rough localiza-

tion of P^" by using an emulsion whose grain size

varied from 3 to 5 /a. The increase in the sensi-

tivity of the emulsion and the thickness insured a

positive recording of the radioactive sites, with

a minimum exposure period. Noticeable disad-

vantages with this technicjue are the large grain

size which makes cellular autoradiography impos-
sible. The extreme thickness of the emulsion
makes illustration of the recorded data on film

difficult, except by macrographic methods.
Figure 10 is an autoradiogram of a rat ovary

section from an animal sacrificed 24 hr following

intraperitoneal administration of P^-. An increased

grain density is noticeable in the area of three

developing ova. The autoradiogram may be com-
pared with the adjacent hematoxylin- and eosin-

stained section in Fig. 11.

In direct contrast with this gross survey method
for the localization of P''" is the extreme detail

and precise localization obtained by Guidotti.^'^

Guidotti mounted paraffin sections, 2 to 4 ^ti thick,

which were stained, dehydrated, and allowed to air

dry. These were given a thin coating of 1 per cent

im
m

Fig. 10. Autoradiogram of rat ovary 24 hours
after administration of 2.5 microcuries of P^ per

gram of rat. Concentrations of P^" appear over
cellular elements lining the folhcular cavity sur-

rounding the ova and in some corpora lutea. X 20.
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Fig. 11. Stained histological section adjacent to

Fig. 10 of rat ovary 24 hours after administration

of 2.5 microcuries of P^" per gram of rat; 3 de-

veloping ova in central position. X 20.

'Tlexiglas" solution in chloroform. The chloro-

form was allowed to evaporate completely in a

dry atmosphere. An emulsion with a dried thick-

ness of 100 to 150 microns, was prepared from

Ilford G.5 type emulsion in gel form and glued to

the section by means of a 15 per cent solution of

shellac in absolute alcohol. The surface of the

emulsion was then cleaned with absolute ethyl

alcohol to remove the impermeable layer. This

method allows the fixing and staining of the tis-

FiG. 12. Autoradiogram of rat ovary and ad-

jacent tissue illustrating even diffuse distribution

of Cs^='^ X 10.

sues by means of all of the reagents commonly
employed in histology without any damage to the

emulsion. The exposure of the tissue was for 24 hr

at 2°C. The emulsions were processed by the

Temperature Development Method. Good adhe-

sion and minimum separation between specimen

and emulsion is obtained, thus permitting rehable

extrapolation of the electron tracks from P^".

The Temperature Development Method of Dil-

worth, Occhialini and Payne (1948), and Dilworth,

Occhialini, and Vermaesen (1950), as modified by

Guidotti, is worthy of specific mention. Essen-

tially it consists of soaking the slides in distilled

water for 30 to 40 min., beginning at room tem-

perature and then lowering the temperature gradu-

ally to about 4°C. The cold phase of development

is for about 30 min. The developer used in this

case was ''Amidol." The cold developer is poured

off and the surface of the sHdes dried with filter

paper. Shdes are warmed to 24°C in a thermo-

statically controlled tank. The temperature of the

warm stage must be chosen by trials. The shdes

are then placed in a stop bath of 0.2 per cent

acetic acid solution for about 30 to 40 min. at 4°C.

Fixation is at 4°C in a 40 per cent sodium thio-

sulfate solution until the emulsion is clear. The

emulsion is thoroughly washed at the low tempera-

ture and allowed to dry slowly. The preparation is

then capped with a thin coverslip.^*'

One of the reasons for Guidotti's success with

P'^- autoradiography is the varied temperature de-

velopment allowing all layers of the emulsion to

be penetrated by the developer; another is the

thinness of the section which is considerably less

than most routine preparations. This allows the

site of origin of the beta tracks to be more accu-

rately located.

Cesium-137, a beta and gamma emitter with a

half-life of 30 years, is an example of a water-

soluble isotope that presents difficulties regarding

methods for autoradiographic registration.

The usual fixing fluids leach Cs^'^' from tissues

as will any contact with water; therefore, a mix-

ture of 80 per cent acetone and 20 per cent ben-

zene was used as a fixative." This combination was

decided upon after experimentation in which the

leaching loss was determined by radiochemical

analysis. There was a minimum cesium loss when

this "fixative was used. Tissues were then processed

through Cellosolve and benzene and blocked in

paraffin.

Since the sections could not be floated on water

for transfer to the emulsion, sections were at-

tached to the No-Screen X-ray emulsion by warm-

ing the slide until the emulsion became tacky

then the sections were attached by finger pressure.

The slides were then exposed and the paraffin dis-

solved by immersion in xylene. The slides were

run down to water from Cellosolve and the auto-

radiograms developed, stained and the shdes

capped.

Figure 12 is an illustration of Cs'''^ deposition in

a rat ovary. It will be noted that there is a homo-

geneous distribution in the ovary and the sur-

rounding tissue. There is no evidence of leaching
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Fig. 13. Stained tissue section of ovary and re-

lated tissue adjacent to section used for auto-
radiography of Cs^'^^ in Fig. 12. X 10.

into the emulsion area not covered by the tissue.

Fig. 13 is the adjacent section for histological com-
parison. Greater definition could have been ob-
tained by using an NTB emulsion.
Autoradiographic Techniques for Zn''^. The

decay of Zn**^ gives rise to four types of ionizing

radiation; gamma rays, X-rays, positrons, and
Auger electrons. The latter, which result from the
electronic rearrangements after production of an
electronic vacancy in an inner shell following elec-

tron capture, are emitted with energies of about
1 kev and 7 kev. Those with the higher energy
(about 7 kev) have sufficient energy for grain
registration in nuclear emulsions.

Tissues containing Zn'^^ fixed in 100 per cent
methyl alcohol lost less than 1 per cent Zn®^ by
leaching. Fixing tissues in 10 per cent formalin-
90 per cent methyl alcohol was also satisfactory,

but a slightly greater quantity of Zn'" was lost

during processing by this method.
Autoradiograms made by apposing No-Screen

X-ray emulsion to Zn®^ containing sections of kid-
ney resulted in generahzed darkening over areas
containing Zn'*^ but microscopic locahzation of
Zn*'^ within cells was impossible due to the large
grain size of the X-ray emulsion.^- This type of
autoradiographic response is illustrated in Fig.
14. Autoradiograms made by apposing NTB" emul-
sion 5 fx thick, NTB- gel emulsion painted on

slides, NTB" gel emulsion applied to coverslips by
the loop technique, and NTB emulsion 5 /x thick,

showed a specific single grain emulsion registra-

tion over the nuclear membrane and over the
basilar and apical portions of the epithelial cells

of the prostate containing Zn*"^. Using the same
methods, specific grain registrations were observed
directly over the heads of sperm in the testis and
epididymis when Zn"" was present. AR.IO stripping
film apposed to Zn**" containing sections and con-
trol sections registered increased grain densities
over sperm heads in the epididymis, while control
sections were negative.

NTB- emulsion with a "T" coat was apposed to
sections of epididymis containing Zn^^ Graining
was evident over some sperm heads due, it was
believed, to the ''T" coat being less than 1 fx in

thickness. AR.IO stripping film covered by a 2 /a,

5 /u, or 10 fi gelatin barrier was apposed to sections
of epididymis containing Zn"^ and to control sec-
tions. There was no grain response over the heads
of sperm in either the experimental sections or the
control sections. However, there were random
grains over the experimental sections on AR.IO
emulsion that had a 2 ^ gelatin barrier after ex-
posures of 10 days. It is felt that these grains were
the result of the penetration of the gamma, X-ray,
and positron components of the radiation.

Figure 15 is a photomicrograph of an autoradio-
gram of a tissue section from the prostate of a rat

administered 1.5 mc of Zn'^^ The exposure was for

44 days on NTB", 5 fx emulsion without a "T"
coat. Emulsion grains are directly over the nu-
clear membrane of the epithehal cells. Figure 16
is an autoradiogram of a tissue section from the
epididymis of a rat administered 2 mc of Zn®^
Exposure was for five days on NTB- gel emulsion
painted on a shde. Emulsion grains are directly
over the heads of the sperm.
Auger electrons can be registered with various

types of emulsions when the section is in direct
contact with the emulsion. When gelatin barriers
greater than 1 /^ in thickness are imposed between
the emulsion and the tissue containing Zn"", there
is no registration except as random grains after
prolonged exposure. These random grains arise

Fig. 14. Autoradiogram of rat kidney containing
Zn^""; No-screen X-ray emulsion, single coat, 25
microns with ''T" coat. Preferential deposition of
Zn"^ seen in cortex. X 5.
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Fig. 15. Aiitoradiogram of rat prostate containing

Zn°" illustrating rings of NTB" emulsion grains

directly over the nuclear membranes of some epi-

thelial cells. X 2400.

from the gamma, X-ray, and positron radiation.

By using a very thin emulsion to minimize the

registration of the gamma, X-ray and positron

components, and to facilitate photography, the

Auger component can be specifically localized to

areas such as sperm heads. These may vary in

width from 0.5 to 1 /x. When two or three grains

Fig. 16. Autoradiogram of rat epididymis con-
taining Zn'^" illustrating NTB" emulsion grains di-

rectly over heads of sperm. Painted emulsion
without a "T" coat. X 2400.

appear across the width of the head of a rat

sperm, it can be concluded that a resolution of less

than 1 fji has been obtained.^^

Rat epididymal tissue containing Zn^^ was in-

filtrated in darkness with Ilford K.l gel emulsion
for one hour at 45°C in gelatin capsules. The in-

filtrated tissues were then transferred to a re-

frigerator for exposure for from five to six days.

Fig. 17. Autoradiogram of rat epididymis containing Zn"^ illustrating Ilford K.l gel

emulsion grains in immediate proximity to sides of sperm. Gel infiltration technique used.
X 3000.
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Then the tissues were soaked in distilled water at

5°C for 30 minutes. The gelatin capsule was peeled
from the infiltrated tissue after which the in-

filtrated tissue was immersed in D-19 developer at

5°C for 30 minutes so that the developer could
penetrate to all parts of the tissue and emulsion.
The developer was then allowed to come to room
temperature and remain there for five minutes.
The cold phase allowed the developer to penetrate
all of the emulsion and it then was able to act on
all exposed grains during the warm phase of de-

velopment. The emulsion-embedded tissue was
then water-washed and fixed for three hours, fol-

lowed by another washing period of four hours to

remove the fixative. The tissues were then de-
hydrated and infiltrated with paraffin, blocked and
cut, and subsequently stained and mounted.
The resulting sections contained both tissue and

emulsion. The emulsion with a grain size of 0.2 ix

penetrated the cytoplasm and nuclei of the tissue,

but not the sperm. However, the emulsion sur-

rounded the sperm on all sides. When a sperm had
been cut through during sectioning, grains were
seen to be in immediate proximity to the side of

the sperm head, Fig. 17. When the cut was such
that there was a layer of emulsion over the sperm,
the grains were then directly over the head of the
sperm and the autoradiograms were very similar to
those obtained when a section was placed on a
shde containing an emulsion. Specific graining of
areas of the cytoplasm and nuclei could be seen
in those cells where the emulsion had penetrated.
A word of caution must be inserted to the effect

that the depth of penetration of the emulsion into
the tissue and the abihty of the fixative to clear
the penetrated emulsion were limited to about 200
fi. Areas of tissue deeper than this contained no
emulsion and consequently no graining was seen.
Limited Autoradiographic Techniques for

Plant Tissue. An interesting experiment per-
formed by Hungate et aU^ involved exposure of
plants to fallout from the experimental burning of
an irradiated fuel element. The fission products
resulting from the burning of the fuel element
were carried by the air to plants located down-
wind from the burning site. Later the plant leaves
were exposed to double-coated Type KK industrial
X-ray film. The gross autoradiographic result of
this exposure of two plant leaves is illustrated in
Fig. 18. It will be noticed that there is a general
darkening over the entire leaf with an increased
density at its periphery. In addition, there are
small black circular areas of increased grain den-
sity that are relatively indistinct. These circular
areas of increased grain density suggest that some
of the fission products were in the particulate
form.

In order to substantiate the observation regard-
ing specific deposition of particles, additional 1X3
in. plates coated with a 100 fx NTB^ emulsion and
a ''T" coat were exposed to portions of the plant
leaves for four days and developed in D-19 de-
veloper. These also demonstrated a particle re-
sponse that was more detailed than that observed
with the_ double coated X-ray emulsion. The de-
tailed microscopic particle response of fission ma-

terial on plant leaves is illustrated in Fig. 19. In
this case the autoradiographic technique demon-
strated the presence of particles on leaves that
was not detectable by routine counting proce-
dures.

General Discussion. Up to this point practical
problems involving autoradiography have been
discussed. Many specific applications have been
omitted. Among them is the classical work involv-
ing Plutonium in the bones of dogs administered

Fig. 18. Gross autoradiograms of plant leaves
following exposure by air of leaves to fission

products. Overall darkening with increased density
at the periphery is noticed. Some small circular
spot densities visible. X 1.
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Fig. 19. Microscopic autoradiographic response

of leaf exposed to fission products. Specific spot

grain responses indicate that some of the material

was in particulate form. X 75.

Plutonium. This is the excellent work of Jee'^' in

which the results of autoradiographic methods in-

volving hard bone are discussed in detail.

Autoradiographic techniciues have been applied

to electron microscopy. O'Brien and George^" have

examined sectioned yeast cells, previously sus-

pended in a Po^^° solution. In this case the speci-

men grids were coated with the emulsion by

touching them to a drop of diluted NTA emulsion.

Borasky and Dockum" examined Pu"^^ particles

contained in an aerosol collected on "Formvar"-

coated grids. The grids bearing the particles were

chrome-shadowed and placed on Incite plugs held

upright in wells drilled in a metal block. A small

wire loop was placed in diluted NTA gel emul-

sion and retracted, thus forming a very thin layer

of emulsion. The wire loop bearing the emulsion

was then lowered over the specimen grid and the

loop retrieved by lifting the plug and withdraw-

ing the loop from beneath the plug. The grids

were exposed for four hours in a light-tight box

when high activity specimens were examined. The
emulsion-coated grids on the Incite plugs were

immersed in D-19 developer for five minutes, then

washed in distilled water for one minute, after

which they were fixed in liquid X-ray fixer for

three minutes, washed and dried. The individual

grains of the alpha tracks could be plainly seen

when examined by an RCA EMU-2C electron

microscope. The point of origin of the tracks was

located by the shadow cast by the Pu^'^'' particle.

George and Vogt,'* using unshadowed grids, ex-

amined Plutonium particles collected on milhpore

filters, and prepared electron micrographs of se-

lected areas of particles before and after auto-

radiography, thus differentiating radioactive from

nonradioactive particles.

Small cubes of tissue of approximately 150

microns can be infiltrated in diluted gel emulsion

long enough to penetrate the tissue. These small

cubes can be exposed for the desired amount of

time, developed by the Temperature Develop-

ment Method, after which the cubes can be em-

bedded in methacrylate and sectioned by ultra-

thin sectioning methods. Selected areas of cells

can be studied in relation to the developed grain

deposition either by electron microscopy or by oil-

immersion phase microscopy if mounted on a glass

slide .'** This is an avenue that will lead the mi-

croscopist into cellular and subcellular auto-

radiography.
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AUTROMETER. See Magnesium Alloys: Rapid Automatic
X-Ray Analysis.

AUTROMETER: MULTIELEMENT AUTOMATIC X-RAY SPEC-

TROGRAPH (NORELCO)

The Norelco "Autrometer" is the first completely
automatic X-ray Spectrograph designed for use as
a production control tool. Its operation is simple
and its ruggedness of construction make it ideal
for the control of elemental analysis of solid, liquid
or powder materials including metallic alloys and
inorganic compounds. Conseciuently it may be uti-
lized successfully by many industries and is in-

dispensable in repetitive manufacturing control
processes.

The Autrometer is a superspeed, nondestructive
tool and can be set to print out intensity ratios of

as many as twentj^-four elements in a single sam-
ple (Figs. 1 and 2) and do this in as little as 1/50
of the time required for wet chemical analysis. It

provides unusually high precision over a wide
range of elements from atomic number 12 through
the highest atomic-numbered elements.

In principle the Autrometer's use of X-rays in
no way relates to industrial radiography in which
holes or weldments are examined or by which pene-
tration studies of opaque materials are made. The
Autrometer utilizes X-rays in somewhat the same
way as a fluorescent lamp utilizes a mercury arc.

The arc causes the chemicals lining the lamp to

fluoresce. X-rays possess a similar property which
causes elements to fluoresce. When a high energy
source of X-rays is directed at a sample, the ele-

ments comprising the sample are excited to produce
secondary or "characteristic radiations"— con-
sisting of wavelengths which are unique to the par-

ticular elements comprising the sample. These vari-

ous wavelengths arise from the sample at the same
time and are sorted by a crystal which singularly

distinguishes each component—just as a radio se-

lects stations. This method serves to reveal

the elements existing in a sample of unknown ele-

ments. The intensity of any sorted wavelength
will indicate the relative quantity of the element
which that wavelength signal represents.

This is the first automatic apparatus developed
for rapid automatic analysis of selected groups of

elements present in wide concentration ranges.

It is not a research and development tool. It has

been designed as a rapid analytical instrument

for use in conjunction with plant control processes.

The speed of these automatic analyses varies

with elements yet provides a high degree of

precision. This facility is extremely useful in

alleviating technical manpower shortages. The
chemist can be released for other development
work. The speed with which the apparatus func-

tions makes the holding of heats or batches for

no * » » . • . *

f

id

Fig. 1.
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Element Channel No. X ray Count Ratio

Ba 2 1054

Sb 3 1050

Sn 5 73

Mo 6 957

Zr 7 1349

T^ Pb 8 947
?iSi As 9 476

Zn 11 198

Ni 12 78

XJl K 15 201

Co 16 244

CI 18 103

Fe 19 2435

Si 21 1068

Ca 22 1137

Ba 2 1071

Sb 3 1054

Sn 5 76

Mo 6 963

Zr 7 1417

(M Pb 8 973
?«: As 9 456

Zn 11 215

Ni 12 99

ih K 15 278

Co 16 217

CI 18 123

Fe 19 3461

Si 21 1090

\ Ca 22 1166

Ba 2 1048

Sb 3 1048

Sn 5 71

Mo 6 954

Zr 7 1396

CO Pb 8 967
^ As 9 461

-2 Zn 11 155

Ni 12 68

m K 15 172

Co 16 259

CI 18 79

Fe 19 2910

Si 21 1164

\ Ca 22 1163

Fig. 2.

process analysis economically feasible and in-

creases the number of checks that can be made
resulting in closer quality control.

The Autrometer is used on a world-wide basis

as a nondestructive testing apparatus. There is an

increasing awareness in all industry of the neces-

sity for the establishment and strict maintenance

of quality control measures. As new advances in

material technology are made, the need for ana-

lyzing the constituents of products becomes more

obvious—especially since the performance and

function of materials are being stretched and ex-

tended. As these new alloys or combinations of

materials are created to meet increasingly severe

duties, closer qualitative and quantitative checks

become increasingly necessary to guarantee the re-

Hability of products made from the new materials.

The value of the Norelco Autrometer is not

limited to any single industry or group of indus-

tries. In production flow-control—whenever quan-

titative assays of elements are necessary to

determine the constancy of composition, the Au-

trometer permits checks of similar samples in a con-

tinuous operation, and rapid, nonrepetitive analy-

sis of different specimens having fewer than twenty-

four elements. The Autrometer is indispensable

for estabHshing specific tolerances of determining

percentages of elements in combinations. It is used

in most industries which include metals and alloys,

biologicals, pharmaceuticals, ceramics, petroleum

products, paints, protective coatings, rubber, food

and chemicals. Data are automatically suppUed

by the Autrometer with a high degree of precision.

Tremendous economies in time are realized with

the apparatus, particularly in routine analysis of a

large number of similar samples. Operation is sim-

ple, rapid and extremely flexible—requiring a mini-

mum of technical skill.

The rate of analysis varies with different ele-

ments, but remains faster than chemical methods

and thereby provides simpler, more scrutinizing

control and greater product uniformity. The added

benefits to be derived over and above the time

saved is a substantial consideration.

During the manufacture of new materials they

must be speedily and carefully analyzed to ascer-

tain the existence of the prescribed qualities.

The following check points may be used for gather-

ing the analytical data: raw material to be proc-

essed ; changes in phases of production ; or both the

physical and chemical states of the finished

product. The information obtained assists in

adhering to performance requirements.

The Norelco Multichannel Pulse Height Ana-

lyzer has been designed for use with the Norelco

Autrometer. The pulse height analyzer removes

low-energy noise pulses and low-energy pulses pro-

duced by wavelengths longer than the desired

wavelength. It also removes pulses of greater am-

phtude which are produced by wavelengths shorter

than the desired wavelengths.

This new, functional and compact unit includes

standard Norelco P.H.A. circuitry. Five different

baseline and window settings are available and

each may be set independently. The appropriate

channel for spectrographic analysis of a given

element is automatically switched in and out of

the system by control circuits in the Autrometer.

Flexible, efficient and accurate analysis of the

low atomic number elements routinely detected

by X-rays is maintained through the use of this

multichannel P.H.A.
Philips Electronic Instruments
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BACK REFLECTION CAMERA. See DiflFraction of X-Rays: De-
tection and Measurement,

BACTERIAL PYROGENS. See Protection, Radiation, with Bac-

terial Pyrogens.

BACTERICIDAL EFFECTS OF X-RAYS. See Soybean Seed
Bacterial Sterilization.

BALANCED FILTER METHOD. See DiflFraction of X-Rays: De-
tection and Measurement.

BALLISTICS. See Cineradiography; Deformation of Metals
at High Velocity.

BARBITURIC ACID DERIVATIVES: POWDER DIFFRACTION

IDENTIFICATION

As an example of the great value of powder dif-

fraction patterns for the qualitative identification

of important chemical compounds familiar in daily

hfe, the following table of (i-spacings of a number
of the barbiturates identifies a number of bar-
bituric acid derivatives. In mixtures careful evalu-
ation of relative intensities of characteristic lines

of each constituent may lead to nondestructive
quantitative analysis.

Philips Electronic Instruments
(NORELCO)

BARRETT DIFFRACTION MICROSCOPY. See Topography,
X-Ray DiflFraction.

BERYLLIUM ANALYSIS FOR MINOR ELEMENTS. See Neu-
tron Radioactivation Analysis of Minor Elements.

BERYLLIUM COMPOUNDS CALCINATION PRODUCTS*

The composition, size, and crystallinity of beryl-

* Presented at Diffraction Symposium, Cleve-
land, Ohio, June 21, 1962.

Table 1. The ^-Distances for Purified Bar-
bituric Acid Derivatives Using Cu K-alpha

Radiation.

Al-

phenal,

Amobar
bital

Amytal

Aprobar-
bital

Alurate,
Barbital,

Butabar-
bital

Butisol,

Cyc-
lopal,

Vinvar-
bital

Del-
vinal

13.35 10.50« 6.64« 7.06 9.80° 13.56»
6.74« 7.00 6.49« 6.37 6.66° 9.19° 6.84
5.63 6.05 6.09 5.70 5.52° 7.12 6.13°

4.81 5.49« 5.89 J3.89 5.31 6.22° 4.97
4.49« 5.36° 5.52 3.68 5.00 5.89 4.86°

4.26 4.86 5.11« 3.54° 4.81 5.66 4.61

3.94 4.47 4.49 3.34° 3.76 5.49 4.22
3.37« 4.03 3.81 3.04° 3.68 4.97 3.47

3.06 3.79 3.55 2.97 3.35 3.89 3.20

2.69 3.59 3.37

3.27

2.66 3.00 3.35°

3.26

3.13

Allobar-
bital

Dial,

Hexob-
arbital-

Evipal,

Pro-
barbital
Ipral,

Mepho-
barbital
Mebaral,

Butethal
Neonal,

Hex-
ethal
Ortal,

Pento-
barbital
Nem-
butal

6.40« 10.43« 9.17° 12.78° 10.37° 11.02° 11.02°

6.01 8.02 8.73° 6.49° 9.80° 10.14 7.88
5.66 5.63« 6.26 5.97 7.26 7.74 6.98°

5.39 5.20 5.52 5.32 6.92° 7.35 5.52°

5.26 4.26 5.08 4.83 5.36 5.11° 4.81
5.02'^ 4.14 4.36° 4.12 4.87 4.81 4.47
4.86 3.89" 4.10 3.76° 4.43 4.36° 4.01
4.01 3.67 3.60 3.58 3.98 3.94 3.76
3.64 3.18 3.35 3.18 3.70 3.34 3.55
3.25" 2.61 3.14 2.99 3.18 3.20 3.03

2.73

Thiopental
Pentothal,

Butally-
lonal
Pernos-
ton,

Cyclo-
barbital
Phano-
dorn,

Pheno-
barbital,

Allyl Bar-
bituric

Acid San-
doptal,

Secobar-
bital

Seconal

12.59° 8.09 11.02° 11.60 10.50° 10.02
6.74° 7.06 7.12 6.38° 10.31 7.54
6.18 6.69 6.13° 5.77° 6.79 7.18

5.02 6.35° 5.56 5.34° 6.49° 6.45°
4.63° 5.93 5.39 5.01 5.70 6.13°

4.12 5.20 5.17 4.78 5.36° 5.36°

3.81 4.20 4.81 4.47 5.00 5.02

3.62 3.86° 4.40 4.03 4.10 4.16

3.38 3.39° 3.55 3.57 3.58 3.55

3.26 3.28 3.21 3.46 3.07

° Strong.

liiun oxide powders obtained through the thermal
decomposition of several beryllium compounds
was investigated using X-ray diffraction and elec-

tron microscopy techniciues. The starting materials

used were a-Be(OH)o, /3-Be(OH)2, and BeSO^-
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nB.oO. Five samples of each substance were heated

for two hours at 700, 900, 1100, 1300, and 1500°C,

respectively. The phase compositions of the re-

sulting powders were determined by X-ray diffrac-

tion. A considerable variation in decomposition

temperature was observed among the three start-

ing materials. Decomposition of the a-Be(0H)2,

i3-Be(OH)2 , and BeSOi-^HoO was essentially com-
plete at 700, 900, and 1100°C, respectively. The a-

Be(0H)2 decomposed directly to the anhydrous

oxide, while the /3-Be(0H)o formed what is pre-

sumed to be an intermediate hydrate prior to

complete decomposition. In both cases, the oxides

formed contained a unidentified minor impurity

phase. The BeS04-?iH20 formed both anhydrous

BeSOi and BeSOi -21120, before decomposing to

the oxides. These observations are based on X-ray

analysis at two-hour intervals, and do not account

for intermediate products which might have been

present during shorter time intervals.

The average crystallite size of the berjdlium

oxide formed was measured by the X-ray line

broadening technique for those samples where

decomposition was complete, or nearly complete.

The average crystalHte size of the berylHum oxide

calcined from a-Be(0H)2 varied from '^400A at

700°C to >3000A at 1500° C. No sharp increases in

crystallite size with calcining temperature were

noted. For the oxide calcined from ^-Be(0H)2,
an increase in crystallite size from '-^200A at 900°

C

to >3000A at 1500°C was observed. In this case,

a sharp increase in crystallite size was noted be-

tween 900°C (-200A) and 1100°C O3000A). These

samples were subseciuently examined using the

electron microscope and a corresponding increase

in the typical particle sizes was observed. In addi-

tion, the particles from the 900°C treatment were

observed to have an amorphous appearance, while

those heated at 1100°C had a distinctly crystaUine

appearance. In contrast, electron microscope ex-

amination of the powders calcined from a-Be(0H)2
showed relatively large and fairly regular poly-

hedra, even for the 700°C treatment.

A sharp increase in crystallite size was observed

also for the oxide calcined from BeS04-nH20. In

this case, the increase occurred between 1100°C

(-600A) and 1300°C O3000A). Electron micro-

scope examination of the powders again confirmed

the change from very fine crystallites to larger

and more regular agglomerates.

It should be noted that both the decomposition

and crystallite growth are dependent on time,

as well as temperature. In an earlier investigation,

BeSOi-nHoO was seen to decompose to the an-

hydrous oxide at 900°C, when heated for a much
longer time than two hours.

John A. Carrabine

BETATRON

The betatron is an electromagnetic device used

to accelerate electrons to high energies. Betatrons

have been built with energy rating as low as 2.3

mev and as high as 350 mev. Although in most

betatrons the accelerated electrons are caused to

strike a target and produce X-rays, the high-

energy electrons are in some instances led out

from the device and made available as a beam.
The operation of a betatron is very similar to

that of a transformer. Both the betatron and
transformer have a laminated iron core (to min-

imize heat losses) which is magnetized from the

voltage mains at power-line frequency. Both have

a primary winding which magnetizes the core and
supplies the input power. The magnetization of the

core is determined by the volts per turn impressed

on the primary winding, and is an important de-

sign parameter. In the transformer, the output is

via a secondary winding of copper wire which en-

circles the core and conseciuently develops the

same volts per turn as are impressed on the pri-

mary winding. In the betatron, the secondary

winding is replaced by a vacuum tube, usually

called the "donut" because of its shape. Here the

electrons are guided around, not by the confines

of a copper wire, but by the characteristics of the

magnetic field in which the donut is immersed.

The magnetization of the betatron core appears

across a pole structure (Fig. 1.). Between the poles

are placed the donut and a central structure, also

made of laminated iron, called the wafer. The
wafer serves to adjust the magnetic field pervad-

ing the donut relative to the total flux within

the donut.

A pulsed electron gun, located at a convenient

azimuth and projecting into the donut, serves as

electron source. The magnetic field pervading the

donut rises and falls in synchronization with the

power line. As it rises from zero in the favorable

direction, there is a short time interval within

which electrons may be injected from the gun (at

an existing pulse-height capability) and during

which the injected electrons are deflected by the

magnetic field into a circular orbit which is wholly

located within the donut. In short, some of these

electrons can circumnavigate the donut without

intersecting the walls. To maintain this circulation,

it is necessary to establish a relation between the

magnetic flux density, B, at the equilibrium orbit

radius, n , and the total magnetic flux, (f>,
within 7-o

.

This relation is known as the flux condition:

= 2ir 7vB. The adjustment is accomplished by
variation of the air gap surrounding the wafer as

well as the actual wafer dimensions. This condition

must be maintained throughout the acceleration

portion of the cycle.

The pecuUar contour on the pole face is the

result of another adjustment made during de-

sign. The interest here is to provide focusing

forces for the electrons under acceleration. If the

magnetic field decreases with increasing radius,

electrons will be directed towards the median

plane, whether deflected above or below. Describ-

ing the radial dependence of B (at least in the

neighborhood of n) as ?•"", focusing forces are also

found in the radial direction for n < 1. For the

conventional betatron, < n < 1 ; this condition

provides the focusing necessary to keep the elec-

trons approximately at n during the many revolu-

tions (about 3 X 10^ for one common betatron
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Fig. 1. Betatron schematic cross section. The "donut" (D) is situated between the poles (P)
which are magnetized by windings in the coil boxes (C). The air space surrounding the wafer
(W) is varied to adjust the magnetic flux within the equihbrium orbit radius (rj with re-
spect to the magnetic field at the ecjuilibrium orbit.

design) between injection and the attainment of

full energy.

The maximum energy rating of a given betatron
design is set bj^ the saturation characteristics of

iron, and specifically of the iron used in the wafer.

The number of electrons which can be accelerated

(equivalent to tube current) is determined by a
balance between the magnetic focusing forces and
space-charge defocusing forces. Spurious effects,

such as inhomogeneities in the magnetic field, can
reduce the current available below the space-charge
limit.

The magnetic field traversing the donut varies

sinusoidally with time at power-line frequency.
Electrons are injected some tens of microseconds
after the zero of the field, are accelerated during
the rising portion of the field, and—usually near

the maximum of the field—are displaced from the

equilibrium orbit position to accomplish a useful

purpose. Numerous techniques are available for

this displacement; all may be considered as transi-

ent perturbations of the flux condition. The dis-

placement direction used most frequently is to-

ward larger radii. It is possible to lead the beam
out of the magnetic field so that the high-energy
electrons can be used directly, or to interpose a

target material so that X-rays will be generated.
The X-rays generated are the high-energy ex-

tension of continuous X-rays, or Bremsstrahlung.
Because electrons are caused to intersect the tar-

get only at one brief period for each cycle, it fol-

lows that the radiation distribution in time is con-
fined to pulses. These pulses typically are 1 fxsec

wide and are repeated at power-line frequency.
Electrons accelerated, for example, to 20 mev are

said to produce 20 mv (20,000 kvcp) X-rays. One
important advantage of the betatron is that the

effect of 20 million volts is achieved without re-

quiring insulation for potential differences even
remotely close to this value. Another interesting

point relates to target heating: in contrast to

conventional experience, the efficiency for con-
verting electron energy into X-rays is very high
in the energy range of betatrons; no cooling is

reciuired.

The betatron is used in radiography for inspect-

ing thick metal sections and studying assemblies,

in medicine for cancer therapy, and in basic re-

search for investigating the physics of nuclei and
of single-particle phenomena. The focal spot can
be made to have maximum dimension of about
0.010 in., a circumstance of remarkable utility in

radiography.

For some of the applications of the X-rays it is

necessarj" to compensate the natural beam shape.

The X-rays, as produced, exhibit a beam shape
which is most intense in a central direction, falling

more or less abruptly on all sides. The beam width,

say between points of half-maximum intensity', is

a matter of a few degrees of arc, and this small

angle is reduced in inverse proportion as the elec-

tron energ3^ forming the X-rays is increased. A
more uniform field is sometimes desired in radi-

ography, and is mandatory for cancer therapy.

Compensation is achieved by differential at-

tenuation; a shaped absorber is placed in the

beam.
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BIOLOGICAL CONSEQUENCES OF EXPOSURE TO ION-

IZING RADIATION*

From time to time in the past fourteen years the

results of surveys conducted on the rate of occur-

rence of leukemia in survivors of the atomic

bombings of Hiroshima and Nagasaki have been

published.^' ^ These interim reports on the studies

in progress in Japan along with studies on other

irradiated populations"- '^ have established beyond

reasonable doubt the leukemogenic effect on

human populations of exposure to large doses of

ionizing radiation. A comparison of the data from

the two cities and the various other sources, such

as the British series of leukemia cases following

therapeutic irradiation, is desirable. The necessity

for long-term follow-up of these various popula-

tions and the need for new approaches to the prob-

lems posed by human radiation exposure will be

apparent.

Table 1 shows the number of reported cases in

Hiroshima and Nagasaki according to exposure

distance, residence at onset, and acceptability of

diagnosis. A total of 166 leukemia cases occurred

in exposed persons who were resident in Hiroshima

or Nagasaki at the onset of their disease. Limita-

tion of the cases to those included in the master

sample diminishes the number to 80, or about 50

per cent of the total.

* See also "Dosimetry of Radiation in Hiroshima
and Nagasaki Atomic Bomb Survivors," by same
author.

Incidence of Leukemia. The incidence of

leukemia has increased significantly in the closely

exposed survivors in both cities. Table 2 shows

the relation of exposure distance to average an-

nual leukemia rates through 1958 for residents

of the two cities. The leukemia incidence is greatly

increased in the survivors exposed under 1500

meters from the hypocenter. Beyond 2000 meters

the incidence in Hiroshima is not significantly

greater than expected in Japan, where leukemia

rates are reported in the range of 20 to 30 per

miUion persons per year. Figure 1 shows the num-
ber of cases observed annually in closely exposed

survivors for the years that follow. The largest

number of cases was seen between 1950 and 1952 in

Hiroshima and Nagasaki. Since that time, the case

rate has dropped below what may have been a

peak, though it is still considerably above expec-

tations. The case counts for each city by year are

shown in Table 3. These counts are based upon

new cases and are significantly higher than the

expected incidence through 1958.

Incidence and Dose Response Relation. From
previous reports there could be little doubt that

the increased incidence of leukemia in the Jap-

anese survivors was large and was dose-dependent.

The currently available, well-defined population

samples furnish incidence estimates which

strengthen these findings. In the distance intervals

below 1500 meters a statistically significant in-

crease in incidence has been demonstrated. There

is a suggestive increase between 1500-1700 meters,

where the dose in rads (gamma plus neutrons, un-

corrected for attenuation by shielding) is between

32 and 200 in Hiroshima and 30 and 250 in Naga-

saki. The very wide range in estimated dose be-

tween 1500 and 1700 meters results in part from

the high degree of uncertainty in the currently

available dose calibration curves.

From these data it seems certain that the in-

crease in leukemia results from new cases of the

disease. The number of observed cases in persons

exposed at less than 1500 meters already exceeds

the estimated number of cases of leukemia which

would have occurred in the entire lifetime of the

population. The British series of X-irradiated pa-

tients with spondilitis in which good estimates of

dose are available, support the dose-dependency

of leukemia induction.

An estimate of the dose-response curve based

on presently available dosimetry has been made.

Evidence derived from those who were exposed

in lightly shielded locations has been plotted

against relative dose. The curve, based on (51 +
25) = 76 leukemia cases from the two cities, uses

only lightly shielded individuals and appears to best

fit a linear relation. Considerable confidence can

be placed in the curve from 100 rads up to 1000

rads. Below 100 rads the curve extrapolates to the

well-established point corresponding to the normal

incidence in nonexposed individuals. It is apparent

that if a threshold exists, most likely it would be

found at a dose lower than 80 rads.

Summary. A review of the Hiroshima-Nagasaki
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Table 1. Leukemia Cases 1945-58 by Acceptability of Diagnosis, Residence at Onset, City of
Exposure, and Distance from Hypocenter.

Distance from
Hypocenter (meters)

City of Exposure and Residence at Onset

Leukemia Cases Hiroshima Nagasaki Both Cities

In City
Out of
City

Total In City
Out of

City
Total In City

Out of

City
Total

Confirmed Leu-
kemia

0-1499

1500-9999

Dist. Unknown

59

30

26

12

85

42

23

37

10

11

1

33

48

1

82

67

36

23

1

118

90

1

Total 89 38 127 60 22 82 149 60 209

Probable Leu-
kemia

0-1499

1500-9999

Dist. unknown

1

3

1

1

2

4

2

4

1 3

4

3

7

2

1

5

8

Total 4 2 6 6 1 7 10 3 13

Possible Leu-
kemia

0-1499

1500-9999

Dist. Unknown

1

2

1

2 5

1

— 5

1

1

1

2

1

7

1

Total 1 2 3 6 — 6 7 2 9

All Leukemias 0-1499

1500-9999

Dist. Unknown

61

33

27

15

88

48

25

46

1

11

11

1

36

57

2

86

79

1

38

26

1

124

105

2

Total 94 42 136 72 23 95 166 65 231

leukemia experience thirteen years after the atomic
bomb explosion in those two cities, and compari-
sons with other collected series of leukemia cases
following radiation exposure has again demon-
strated beyond reasonable doubt the leukemogenic
effect of ionizing radiation on humans. In spite

of the heterogeneity of the various study groups
there are surprisingly consistent findings. An in-

creased risk of leukemia following doses probably
as low as 50 to 100 rads (air-entry dose) of whole
body radiation has been demonstrated. Above
this dose the increase in incidence of leukemia may
be related linearly to dose of radiation. When
extrapolated to zero dose, this line intersects the
expected spontaneous incidence. In the lower range
it is impossible to be certain regarding the pres-
ence or absence of a threshold. Future revision of

the estimated dose response relation will be neces-
sary when better estimates of dose become avail-

able.

As in other series the acute lymphocytic variety
of leukemia in the very young is most markedly
increased. Chronic granulocytic leukemia was seen
most commonly among the Japanese in the older
age groups. The predilection of the various types
of leukemia for specific age groups does not appear
to be notably altered, although possibly the in-

cidence of chronic granulocytic leukemia has been
shifted to younger ages. The rarity of chronic
lymphocytic leukemia in Japan has been recon-

Table 2. Average Incidence of Confirmed
Leukemia 1947-58 by City of Exposure

AND Distance from Hypocenter.

Hiroshima Nagasaki

from
Hypocenter
in Meters

Person
Years at
Risk

1947-58

^1

Is

20

ill
<

Person
Years at
Risk
1947-58 ill

<

0-999 14,638 1,366 5,330 3 563
1000-1499 126,446 39 308 37,758 20 530
1500-1999 214,629 9 42 44,197 3 68
2000-9999 747,827 21 28 925,653 34 37
Total 1,103,540 89 81 1,012,938 60 59

firmed, and ionizing radiation does not appreci-

ably alter this finding. All types of leukemia with
the exception of this latter tj^pe and acute mono-
cytic leukemia of the "Schilling" type are increased

in varying degrees.

Males and children in the age group below ten

appear to be most sensitive to induction of leu-

kemia b}' irradiation. The increased occurrence of

leukemia in an irradiated population appears to

start about eighteen months after the event. In
Japan the increased risk has persisted for thirteen

years with the time of maximum risk approxi-

mately four to eight years following radiation.
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Fig. 1. Number of cases confirmed leukemia by year of onset exposed under 1500 meters

Table 3. Confirmed Leukemia Cases in City
Residents at Time of Onset by Year of

Onset, City of Exposure and Distance
FROM HyPOCENTER.

Hiroshima Nagasak

Year of Onset o

V

1500-

9999m
Total

o

V

1500-

9999m
Total

1945

1946

1947

1948

1949

1950

1951

1952

1953

1954

1955

1956

1957

1958

Unknown
Total

6

2

6

10

10

6

5

4

1

5

4

59

1

1

3

1

2

2

5

3

2

6

1

2

1

30

1

7

5

7

12

12

11

8

6

7

6

6

1

89

2

2

1

23

2

3

4

3

2

5

5

3

7

3

37

4

1

1

7

7

7

3

6

6

4

8

5

1

60

There is tenuous evidence for a waning radiation

effect in the last several years.
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gram; Embryo; Incisor of Rat; Malformations, Con-

genital; Nerves, X-Ray Effects on Bioelectric Activity.

BIOLOGY, X-RAY FLUORESCENCE ANALYSIS IN

Minor-element concentrations in biological speci-

mens are measured most commonly by emission

spectroscopy, spectrophotometry, flame photom-

etry or neutron activation. In the last few years

X-ray fluorescence analysis has been used in-

creasingly. This article reviews not the bases of

the method, but only its applicability. X-ray

fluorescence cannot measure the low concentrations

reached by the other methods for many elements,

but it is a preferred method where its sensitivity

is adeciuate for several reasons : simpHcity of speci-

men preparation, analytical speed, nondestructive-

ness, indifference to state of chemical binding, rela-

tive freedom from element interference, and a wide

range of analyzable elements with fairly uniform

sensitivity.
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X-ray fluorescence is not currently feasible for

the analysis of elements of atomic number lower
than 12 because of the problems of working with
their very "soft" characteristic hnes. This limita-

tion encompasses the biologically important or in-

teresting elements hydrogen, carbon, nitrogen,

oxygen, sodium, boron and fluorine. There is some
hope of extending the technique into this element
range in the future.^

The performance figures for the technique are

more favorable for soft biological tissues than for

most mineralogical or metallurgical specimens be-
cause of the longer scattering and absorption mean
free paths in matrices of low average atomic num-
ber. As a very rough guide to sensitivity, one may
say that in such tissues or similar matrices, com-
mercial units can provide assa3^s in specimens con-
taining down to about 0.1 microgram of an ele-

ment of interest, present in concentrations down
to about ten parts per million. Since specimens

are usually assayed after drying, this concentra-
tion limit often corresponds to about two or three
micrograms of element per gram of wet tissue.

Before filling out these bare indices with qualifica-

tions, let us consider the types of biological speci-

mens that come within this scope.

Table 1 exemplifies the present scope of the
method through listings of pubhshed applications.

We may note among the listings that many as-

says are carried out directly on biological materials
that have had no processing beyond mere drying.
Most prominent in this group are several clinically

important analyses of blood.

Ashing and other methods of preconcentration
bring a broader range of elements into the reach of

the sensitivities quoted above. In this group
strontium is receiving the most attention at pres-

ent.

A third class of specimens includes biochemical
fractions such as purified enzymes or nucleic acids.

Table 1. X-ray Fluorescence Assays of Biological and Medical Specimens.

Ref. Element Specimen Preparation Approx Ppm* Remarks

2 Fe blood dry 300
3 Fe blood dry 300
4 Ca blood serum dry 100
5 Br serum, urine, tis-

sue
extract 100 Intoxicated material

6 K, CI, Ca, S,

P, Na, Mg, I

serum dry Analysis routine for K,
CI, Ca, S, P; difficult

or not feasible for Na,
Mg, I

7 Ca, K serum dry 100, 100-200
8 CI, S serum dry
9 S serum protein dry

10 Refs. 5-8 brought up to

date
11 I serum protein dry or di-

gest
12 p serum dry 130
13 Sr serum and bone ash 0.3, 300

14, 15 Sr bone ash 200-500
16 Sr bone, milk, vege-

tation

ash 100, 50, 50 in

the ash
17 Zn hair dry 200
18 Se plants dry 8-1000
19 plants various Feasibility study for 22

elements, with several

preconcentration meth-
ods

20 Mn, Co, Zn,

Mo
plants dry 3-10 ppm

"working
sensitivitv"

21 Fe, Zn nucleic acid dry 10-400
'

22 nucleic acid dry
23 Zn prostatic tissue,

fluids

dry 20-2000

24 Zn sperm cells, soft

tissues

dry 30-1000 ^Ppm dry, nondispersive

assaj^25 Zn, Cu eye tissues dry 20-500
26 Zn prostatic tissue dry 100-1000

Concentration in original specimen before processing, except as noted.
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When mineral elements play a significant biologi-

cal role in such biochemical entities, they are

usually present in concentrations in the range of

100-1,000 parts per milHon, a comfortable range

for X-ray fluorescence assay.

A last group of analyses involves small speci-

mens, such as thin sections, where the total amount
of an element is less than the minimum mentioned

above, but where the concentration is high enough

and element interference problems are slight

enough to permit the use of a nondispersive sys-

tem (see article, '^Nondispersive X-ray Fluores-

cence Analysis"). Such a system may provide as-

says down to about 10"^^ gram of an element of

interest. The nondestructive analysis of individual

tissue sections can provide direct correlation be-

tween a section's mean element concentration, its

histological appearance and its pathological

status."*^

There is much room for improvement in the

low-concentration limit of commercial X-ray fluo-

rescence systems. Anode impurities and internal

structural components produce "spurious" char-

acteristic X-ray lines in the output of most tubes;

this background can be greatly reduced with suit-

able tubes and careful flltration. Secondly, with

the relatively thin, low-density specimens that are

common in biological work, the incident X-rays

often pass through the specimen and may produce

a substantial background from the specimen mount
and from the inner surfaces of the specimen cham-

ber. This effect also can be greatly reduced with

very thin, pure specimen mountings and with

proper design of the specimen box. The writer

does not know of any extensive data for the

operation of commercial units under these condi-

tions, but instrumentalists familiar with these

factors consider that direct analysis down to one-

tenth part per milhon dry should be feasible in soft

biological tissues.
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An excellent pair of articles has appeared re-

cently, reviewing the appHcabihty of conventional

X-ray fluorescence technique to biological mate-

rials: Bevermann, K. and Cretins, K., Klin.

Wochenschrijt 41, 86 and 89 (1962).
Theodore Hall

BIOLOGY AND MEDICINE: X-RAY SPECTROGRAPHY IN

The introduction of X-ray spectrography into

biology and medicine opens new horizons into the

determination and likewise evaluation of elements

of importance in cellular metabolism. The re-

placement of wet chemistry by these newer physi-

cal methods aflows quantitative analyses of these

elements as they exist at micro levels. X-ray

fluorescence offers a promising solution to this

problem.

There are five principal advantages to the use of

X-ray spectrography

:

(1) The ability to detect quantitatively elements

in terms of parts per milhon from a micro sample

(10-30 lambda) offers many technical advantages.

(2) X-rays are nondestructive, causing no al-

teration of the elements to be analyzed; therefore

permanent storage of both specimens and stand-

ards is practicable.

(3) Sample preparation is relatively simple.

Many samples can be presented for analysis di-

rectly following simple dehydration.

(4) Multiple analyses from a single micro sam-

ple are an advantage not to be found in wet chem-

istry.

(5) The speed of instrumentation, along with

simple specimen preparation and multi-analyses

from a single sample, plays an important role in

the automation of a modern chemistry laboratory.

For initial feasibility studies made by the au-

thors, the commercially available equipment, al-

though designed primarily for industrial use, has

proved quite satisfactory for the analysis of bio-

logical specimens with but minor modification.

Due to the limited amount of specimen avail-

able for analysis, sacrifice of a certain degree of

spectral resolution was essential to obtain adequate

counting rates. Collimation of the exit port and

detector was therefore converted to 0.02 X 4 in.

and 0.04 X 1 in. Soller shts, respectively.

A major departure from estabhshed usage is in

the manner of specimen preparation and mounting
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in the primary X-ray beam. Industrial specimens
generally weigh many grams, cover the entne
primary X-ray field, and are infinitely thick with
respect to the incident radiation. For the practical

analysis of biological specimens it was essential to

devise an approach permitting use of a few milli-

grams of material. The total amount of the ele-

ment being assayed in the specimens would gen-
erally run from one to ten micrograms.
This objective was accomplished by spreading

an accurately measured aliquot of the specimen
into a thin film that could be confined reproduci-

bly, entirely within the primary X-ray field. The
specimen presentation thus approached infinite

thinness, with respect to the exciting X-ray beam.
Maximum characteristic radiation was thus ob-
tained by minimizing matrix radiation absorp-
tion. Preparation of these thin films is not difficult

since the specimens are routinely fluids or solu-

tions. The only additional processing step was to

dry the film, either in air, or with the aid of heat.

The primary factor limiting analytical accuracy in

this approach is the accuracy of delivery of the

specimen aliquot.

Since these micro-specimens would not be
self-supporting in the X-ray beam, special mount-
ing techniques were required. Two satisfactory ap-

proaches to this problem have been devised. For an-

alysis of elements yielding characteristic radiation

with wavelengths shorter than 3.0A, disks cut from
analytical filter paper are employed. Radiation of

these wavelengths is not significantly attenuated
by passage through the supporting paper. For
lower atomic number elements it was of consider-

able advantage to eliminate the filter paper, since

it seriously absorbed radiation having wavelengths
longer than 3.0A. This was accomplished by dry-

ing the specimen in an equivalent area impressed
on the surface of an aluminum foil planchet. The
following table demonstrates the magnitude of the

effect of varying the mounting system, the at-

mosphere in the X-ray path, and the number
of the element being measured. These data were
obtained using a LiF analyzing crystal, Ka radi-

ation, and a gas-flow proportional detector. The
tungsten target X-ray tube was operated at 50,000

r and 40 ma.

Air X-ray Vacuum X-ray
Path Path

Element Atomic
Number

Paper Foil Paper Foil
Mount Mount Mount Mount

c/s/fig* c/s/yLg c/s/ng chiiig

Potassium 19 2 3 81 157

Calcium 20 6 9 93 145
Iron 26 168 169 274 278
Bromine 35 20 19 21 20

detector. Counting rates for these two elements
can be increased five- and tenfold, respectively, in

this manner.
Calibration of the instrumental response when

analyzing biological specimens is accomplished in

much the same manner as for bulk specimens. The
relative nature of X-ray measurements requires
that the counting rate of unknowns be evaluated
by comparison with the counting rate of a set of
permanent precahbrated standards. The calcula-
tion of analytical results is greatly simplified by
the use of micro-specimens, since matrix effects

are minimal and the instrumental response is al-

most invariably linear.

Since X-ray fluorescent analysis of biological

micro-specimens is such a recent departure, the
number of analytical appHcations is limited. The
following table lists the practical and useful
methods currently available.

Determination Specimen Sample
Size

Spectral
Line

Fibrinogen plasma 100 m1 S-Ka
Chloride serum 30 mJ Cl-Ka
Potassium serum 307x1 K-K«
Potassium tissue 5 mg K-K«
Calcium serum 30^1 Ca-Ka
Hemoglobin whole 20 m1 Fe-Kc.

(iron) blood
Iron tissue 10-25 mg Fe-Ka
Zinc tissue 10-25 mg Zn-Ka
Bromide serum 25 All Br-Ka
Strontium serum 1 ml Sr-K«
Iodine (total) serum 50 m1 I-L«
Iodine (hor- serum 2 ml I-L«
monal)

Nitrogen — 0-3 Mg N Hg-L^

* Net counts per second /microgram of element.

Measurement of radiation of short wavelength,
such as that from bromine or strontium, may be
done with greater efficiency with the scintillation

The number of unexplored potentially useful

areas of application is virtually unlimited. Many
clinical diagnostic procedures, now being carried

out with radioactive isotopes, will be possible using
X-ray spectrographic measurement of non-radio-

active labels. Measurement of the toxicologically

important higher atomic number elements appears
admirably suited to the X-ray analytical approach.
Punch-biops}^ specimens from living patients can
now be utilized for the direct measurement of

many important tissue constituents.

With MQxy few exceptions, in standard practice,

X-ray fluorescent anal.ysis has been limited to the
direct estimation of elements in the specimen sub-

mitted for anah^sis. This approach is limited in

utility when it is desirable to measure individual

compounds, and is completely incapable of meas-
urement of lower atomic number elements such as

N, C, or O at the microgram level. These limita-

tions are, however, readily overcome by the use of

an indirect approach. For example, the stoichio-

metric conversion of ammonia nitrogen to

XH2Hg2l2 . allows quantitation of sub-microgram
amounts of nitrogen by carrying out measurements
for the mercury or iodine contained in the com-
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pound. This approach, in which one simply con-

verts the compound or element to a derivative

or reaction product containing stoichiometric

amounts of some readily quantitated element,

opens a vast area pre\^iously not amenable to X-
ra}^ spectrography.

Paul K. Lund and James C. Mathies

a
BIPLANE DIFFRACTOMETER. See Equipment (Picker).

BLACKENING, PHOTOGRAPHIC. See Detectors, Radiation.

BOND LENGTHS, FROM X-RAY DIFFRACTION

Because of the diffuse nature of the electron
density of its single Iv electron, the H atom is the
most difficult of all atoms to locate by the tech-
nique of X-ray diffraction. However, advances in

experimental and computational methods have led
to the determination of H atom positions of in-

creasing precision and C-H bond lengths from
X-ray diffraction data are now frequently reported.
In recent years, results have also become avail-

able from neutron diffraction. But neither of these
techniques has led to results which can match
in accuracy and consistency those from both spec-

troscopic and electron diffraction measurements.
Although each of the techniques cited above

measures the "bond length," each, in fact, measures
a different quantity and each in its own way fills

in details of the important C-H bond. X-ray dif-

fraction data yield bond lengths which are a meas-
ure of the separation of the electron densities of

the atoms involved in a bond. In a similar way
internuclear distances can be determined by neu-
tron diffraction. On the other hand, appropriate
spectroscopic measurements lead to molecular
moments of inertia from which internuclear dis-

tances may be calculated. Finally, bond lengths

from electron diffraction are a measure of the
distance between the potential fields of atoms and
depend on both the nuclear and electron distri-

butions.

It should be remembered that results derived
from each technique may be different functions of

the electron, nuclear or potential distribution;

and for the most precise work, the function de-

termined should be specified. Furthermore, dif-

ferent methods of processing data from a given

technique do not necessarily yield the same results.

Thus Fourier and least-squares methods for re-

fining structures from X-ray diffraction data lead

to identical results only if appropriately weighted.®

Although X-ray diffraction is the least precise

of the diffraction techniciues for measuring C-H
bond lengths, it is important that they be meas-
ured by this means, since it is the only technique

that measures essentially the distance between the

electron density maxima. And if results of suffi-

cient accuracy can be obtained, they will prove

useful in supplying parameters necessary in theo-

retical studies of electron distributions in hydro-

carbon and similar molecules. Moreover, an ac-

curate value or range of values for C-H bond

lengths, once established, will permit this bond to

serve as a monitor of errors in succeeding struc-

tures where it is present.

Recent Results. Hydrogen atoms are shown to

advantage and may be located from Fourier series

in which the differences between the observed and

calculated structure factors are used as coefficients.''

If the phases of all reflections are correct, such ^F
syntheses show, within the limits of experimental

and series termination errors, any differences be-

tween the assumed electron density and that actu-

ally present. Fig. 1 (a, b) shows sections from

three-dimensional ^F syntheses in which H atom

contributions to the calculated structure factors

have been omitted.

In Table 1 are listed a number of C-H bond

lengths determined from three-dimensional X-ray

diffraction data and reported since 1955. Only re-

sults for centrosymmetric structures where the

phases of all reflections with appreciable intensities

can be known exactly have been included. In

each case, two or more C-H bond lengths for a

given C atom valence state have been measured

and the mean value tabulated. Standard deviations

in the means were computed from the stand-

ard deviations of individual bond lengths if given

or from the rms deviations of the individual values.

If only two or three C-H bond lengths were re-

ported in a given study, a more reahstic estimate

of the precision can be made from that of the

heavier atoms.

For comparative purposes, some results from

electron and neutron diffraction have also been

included.

Theoretical Estimates. In a molecular orbital

calculation of the electron density in the benzene

ring, Cochran'° estimated that C-H bond lengths

as measured between the electron density maxima

of the C and H atoms should be 0.03A shorter

than the corresponding internuclear separation.

On the other hand, Tomiie'' calculates a C-H
bond length of 0.92A for a temperature factor B
value of 2.2A- (rms amplitude of vibration, 0.17A)

and a reasonable value for the degree of ionic

character, X, of the bond. He has studied the C-H
bond length as a function of B and X in both 2

and 3 dimensions. Over the range of these para-

meters most likely to be encountered, this study

indicates a shortening of the C-H bond in the

range 0.1-0 .3A.

In a recent paper, Ibers^^ has calculated the

change in position of the potential maximum of

a bonded hydrogen atom as a function of the shift

of the electron density with respect to the nucleus.

Calculations have been made for various data cut-

offs and thermal motions. He finds that the po-

tential maximum shifts in a direction opposite to

that of the electron cloud but by smaller amounts

and is cjuite dependent on the data cutoff and

thermal vibration.
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Fig. 1. Composite of sections from three-dimensional A F synthesis showing H atoms
in two organic molecules. Atoms designated as follows: H: •, C; O, N: (g) , 0:0. (a) n-
nonamoic acid hydrazide. Lowest contour, 0.15 e.A"^(b)Half the N,N'-hexameth3denebispro-
pionamide molecule. Lowest contour, 0.10 e.A-^ Contours in both diagrams 0.05 e.A-^

Discussion. For bonded atoms heavier than
hydrogen, the nucleus may be taken to coincide
with the maximum in the electron density to a
close approximation. But for a bonded H atom,
the maximum in the electron density is virtually

that of the single K electron, an electron involved
in bond formation. Since electron density is con-
centrated in a bond, it is reasonable to expect the
maximum of the electron cloud to be shifted

toward the atom to which hydrogen is bonded.
Indeed, the theoretical studies of the electron
density in an H atom bonded to carbon agree in

indicating such a shift although by quite different

amounts.
As reference values in discussing the results of

Table 1, we may take the spectroscopic C-H
bond lengths for the sp- and sp^ valence states of

C as 1.071 and 1.095A, respectively .^° Inspection
of the table indicates that the neutron diffraction

values from one laboratory are self-consistent and
do not differ significantly from the spectroscopic

values. The electron dift'raction results from two
laboratories are remarkebl}' consistent although
from 0.01-0.03A greater than the spectroscopic in-

ternuclear distances, amounts which appear to be
significant for some of the results cited. In view of

Iber's calculations, this is consistent with a shift

of the electron cloud of the H atom toward the
C atom in the C-H bond.
Values for the C-H bond length from X-rav dif-
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Table 1. Data on C—H Bonds.

C Atom
Valence Length fmeun

Number
Bonds Method Reference

State Averaged

sp2 1.058 A
T = 173°K

0.01 A 9 XRD Drenth and Wiebenga (1955)

a 98 .07 3
" Takaki, Sasado, and Watanabe (1960)

u 1.01 .06 4
a Ferguson and Sim (1961)

a 86 .08 4
" Trueblood, Goldish, and Donohue (1961)

a 1.07 .04 9
a Sundaralingam (1961)

sp3 .91 .06 2
" Marsh (1958)

.94 .1 2
'' Degeilh and Marsh (1959)

u .94 .06 2
i( Shintani (1960)

a 1.065 .01 6
" Dougill (1961)

a .88 .06 3
i( Gerdil (1961)

a 1.090 .02 14
" Jensen and Lingafelter (1961)

a 1.052 .04 4
it Kraut (1961) ^ .

^< 1.062 .01 17
" Marsh (1961)

<< 1.04 .06 4
'< Mason (1961)

'' 1.084 .01 11
a Jensen (1962)

sp^ 1.090

1.084

.005

.003

8

4

e.d. Bastiansen, Hedberg, and Hedberg (1957)

Bartell and Bonham (1959)

sp3 1 108 .004 10
" Bonham and Bartell (1959)

1 118 .004 12
u Bonham, Bartell, and Kohl (1959)

i( 1.118 .006 14
i' " (1959)

" 1.121 .007 16
a " (1959)

Sp2 1.08 .04 4 n.d. Bacon and Curry (1956)

1.05 .02 4
i( " (1960a)

a 1.12 .02 5
" " (1960b)

T = 293°K
cc 1.06 .02 5

u " (1960b)

T = 120°K

fraction vary over a range from the spectroscopic

values down to almost 0.25A less than these. In

view of the rather large standard deviations in

most of the mean values tabulated, one concludes

that many of the results taken alone do not differ

significantly from the spectroscopic values. Never-

theless, taken as a group, they support the idea

that the C-H bond as measured by X-ray diffrac-

tion is less than the internuclear distance.

The spread among the X-ray results is a reflec-

tion of the difficulty in determining accurate H
atom coordinates. Positions of the H atoms are

extremely sensitive not only to errors in the data

but also to the methods of treating the data. Some

sources of difficulty are noted below.

Errors in the scattering factors used in the cal-

culations can be compensated only in part by ad-

justment of the temperature factor parameters and

will shift the relative positions of the atoms.

Errors in the temperature factors of the heavier

atoms with or without compensating changes in

the scale factor may also produce pronounced

shifts in the H atom positions. Such errors may
arise from incomplete refinement of the structure

or possibly more subtly, for example, by diag-

onalized least-squares calculations which neglect

the cross terms between the scale and tempera-

ture factor parameters.

Weighting of the data may also be important.

Ordinarily in refining a structure by the method

of least squares, any reasonable weighting of the

data does not greatly change the results. But for

H atom positions, weighting may be crucial, as

shown by Degeilh and Marsh" in diketopiperazine.

Different weighting schemes resulted in C-H bond

lengths ranging from 0.75-1 .15A.

Differences in thermal motion of the atoms in

different compounds will lead to genuine differ-

ences in the C-H bond lengths. Just how large

these differences may turn out to be experimen-

tally remains to be seen.

Variation in C-H bond lengths may also arise

from differences in the cutoff of the data used. In

order to minimize inaccuracies in thermal param-

eters, one may cut the data off beyond the point

where H atom contributions have become small.

The effect on the H atom positions needs experi-

mental study.

In view of these factors, it is difficult at present

to pronounce with certainty on the value or range

of values to be expected for the C-H bond length

from X-ray diffraction data. However, a number

of the most recent and presumably more accurate

results indicate that the C-H bond length shorten-

ing relative to the internuclear distance is not

great, probably not more than 0.03-0 .05A for many

solid organic compounds at room temperature.

More reliable experimental results can be ex-
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pected in the near future from more accurate in-
tensity data, both photometric integrated and
counter, collected with radiation of two or more
different wavelengths. An appreciable increase in
precision can also be expected from diffraction
data collected at or below the temperature of
liquid nitrogen. Such improvements will undoubt-
edly lead to much better C-H bond lengths from
X-ray diffraction data.

References

1. Bacon, G. E., and Currv, N. A., Proc. Ron
>Soc. A 235, 552 (1956)

'

2. Bacon, G. E., and Curry, N. A., Acta Crvst
13, 10 (1960a)

3. Bacon, G. E., and Curry, N. A., Acta Cryst. 13,
717 (1960b)

4. Bartell, L. S., and Bonham, R. A., J. Chem.
P/12/S. 31,400(1959)

5. Bastiansen, O., Hedberg, L., and Hedberg K
J. Chem. Phys. 27, 1311 (1957)

6. Bonham, R. A., and Bartell, L. S., JA.C.S 81,
3491 (1959)

7. Bonham, R. A., Bartell, L. S., and Kohl, D. A
,

J.^.C.^. 81, 4765 (1959)
8. Cochran, W., Nature 161, 765 (1948)
9. Cochran, ^.,Acta Cryst. 4, 408 (1951)

10. Cochran, W., Acta Cryst. 9, 924 (1956)
11. Degeilh, R., and Marsh, R. E., Acta Cryst. 12,

1007(1959)
12. Dougill, M. W., /. Chem. Soc. 5471 (1961)
13. Drenth, W., and Wiebenga, E. H., Acta Crust

8,755(1955) ^ '

14. Ferguson, G., and Sim, G. A., Acta Cryst. 14,
1262(1961)

15. Gerdil, R.^ Acta Cryst. 14, 333 (1961)
16. Herzberg, G., and Stoicheff, B. P., Nature 175,

79(1955)
17. Ibers, J. A., Acta Cryst. 14, 853 (1961)
18. Jensen, L. H., Acta Cryst., in press.
19. Jensen, L. H., and Lingafelter, E. C Acta

Cryst. 14,507 (1961)
20. Kraut, J., Acta Cryst. 14, 1146 (1961)
21. Marsh, R. E., Acta Cryst. 11, 654 (1958)
22. Marsh, R. E., Private communication (1961)
23. Mason, R., Acta Cryst. 14, 720 (1961)
24. Reddy, J., and Lipscomb, W. N., /. Chem.

Phys. 31, 610 (1959)
25. Shmtani, R., Acta Cryst. 13, 609 (1960)
26. Sundaralingam, M., Thesis, Universitv of Pitts-

burgh, 1961.
27. Takaki, Y., Sasado, Y., and Watanabe, T., Acta

Cryst. 13, 693 (1960)
28. Tomiie, Y., /. Phys. Soc. Japan 13, 1030 (1958)
29. Trueblood, K. N., Goldish, E., and Donohue, J

,

Acta Cryst. 14, 1009 (1961)
L. H. Jexsen

BOND PEAK METHOD FOR SYMMETRICAL DIFFRACTOME-
TER. See Parameters of Crystal Lattices III.

BONDING, MOLECULAR AND CRYSTALLINE. See Haloc

BONE MARROW PROTECTIVE EFFECT. See Lipids: Ef-
fect on Survival,

BONE MINERAL CONTENT: X-RAY DETERMINATION OF

A ciuantitati\'e determination of bone mineral
content is of value for a number of different cir-

cumstances.^ It can be useful in assessing the se-
verity and extent of pathologic conditions such as
osteoporosis as well as in indicating the response
to various types of therapy.- The progress and
outcome of nutritional and metabolic studies of
humans and laboratory animals can often be ex-
pressed in terms of bone mineral content.^ Surgi-
cal and biopsy procedures allow one to determine
this mineral content in a highly quantitative fash-
ion. However, the same information can be ob-
tained with X-ray or gamma-ray techniques
which, even if less precise, cause less discomfort
and less interference with normal bone structure.
Although X-ray techniques are widely used m

studying bones and even in determining their
mineral content, most X-ray studies of mineral
content of bone are of a purely quahtative nature.
Nonetheless it is often important to have quan-
titative measurements of the mineral content of
bones. These are difficult to obtain, since most
X-ray films, after exposure and development, con-
tain many unknown parameters, such as the in-
tensity at the point of exposure, the relationship
of film darkening to intensity, and the effect of
the development. This article is concerned with
various methods, tested or proposed, that use X-
ray techniques for the quantitative measurement
of the mineral content of bone.
The significant parameter for many studies of

minerals in bones is the density rather than the
quantity or mass. To find density one must know
volume. An X-ray film cannot be used to find the
volume of bone in any straightforward manner.
In other studies of minerals in bones it is desired
to separate the contribution of Ca, P, and other
elements to the bone density. None of the meth-
ods discussed is suitable for these separate deter-
minations.

(While bone density is a very important quan-
titative parameter, it is often only an indicator of
what one really wants to know about bone, namely
the balance between bone formation and bone de-
struction. Densitometry can give some general
idea of this, since it measures the net result of
the competing processes of formation and destruc-
tion. For example, if current theories are true that
osteoporosis represents an accentuation of bone
absorption, then density is an index of what is
left from this continuing process.)
Monochromatic Systems. Although most clini-

cal X-ray determinations are made with a broad
wavelength band, it is possible to use instead one
or two monochromatic beams or narrow wave-
length bands.'-' Monochromatic beams are simple
to discuss as well as inherentlv capable of yield-
ing more precise information than broad wave-
length bands. If a plane-wave front monochro-
matic X-ray beam passes through b gm/cm" of
bone mineral and s gm/cnr of soft tissue, the in-
tensity of the emerging beam, /. will be related to
that of the entering beam, h . hy

/oe~''i^-'^2s
(1)
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Fig. 1. Bones and wedge. Roentgenogram show-

ing rat, the three trace paths used, and the akimi-

num-zinc alloy wedge used for cahbration (based

on original data of H. Schraer). (Reprinted by

permission from Ackerman, Eugene, "Biophysical

Science," Englewood Cliffs, N. J., Prentice-Hall,

Inc., 1962.)

where ^n and /xo are the appropriate absorption co-

efficients at the wavelength used. This formula

neglects the effects of scattering; the latter are

discussed later.

If a wedge of uniform composition^ is exposed

on the same film as the limb, one can relate opti-

cal density of the film, D, to equivalent wedge

thickness, w, by an empirical function, /, as

D = f{w) (2)

The function / must be determined for every film

used by measuring the density of the photographic

image oi the wedge with a densitometer. If, now,

the densitometer is traced across the image of the

limb, at each spot one can use Eq. (2) to find an

equivalent wedge thickness, We ,
such that

IJ^slVe ixih + ms (3)

This is illustrated in Fig. 1, 2, and 3.

If, instead of using a film, one uses a scintilla-

tion counter, the wedge becomes unnecessary,

since one can measure I/h directly.^ One can also

adjust a movable wedge^"' so that it causes the

output of the scintillation counter to remain con-

stant as the limb is drawn through the X-ray

beam.
The problem of determining the contribution

of the soft tissue, 1x2s, is one of the limitations of

these methods. One solution which has been

adopted is to determine the average of the values

of We for beams A and B in the upper part of

Fig. 2; caUing this average Ws , it is then assumed

to be representative of the soft tissue between A
and B. Then one may write

CO

C§~

Absorption

due to Soft
Tissue only

Distance Across Trace Path

Fig. 2. A cross section through the humerus. The
upper figure shows the bone and soft tissue dis-

tribution. The lower figure shows the optical

density of the X-ray film (based on original data

of H. Schraer). (Reprinted by permission from

Ackerman, Eugene, ''Biophysical Science," Engle-

wood Cliffs, N. J., Prentice-Hall, Inc., 1962.)

Distance Across Trace Patli

Fig 3 Equivalent wedge thickness. This is for

the same trace path shown in Fig. 2. The abscissa

(distance) is the same in both figures. The ordi-

nate scales have been adjusted to make the

peaks coincide. (Reprinted by permission from

Ackerman, Eugene, ''Biophysical Science, Engle-

wood Cliffs, N. J., Prentice-Hall, Inc., 1962.)
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ij'2s = m'^s

and hence

h =
Ml

(4)

(5)

(or equivalent expressions if a scintillation counter

is used). The author believes that the highly dubi-

ous assumption of constant absorption by the soft

tissue limits the significance of the numbers ob-

tained, especially when applied in abnormal cases.

A better version uses two monochromatic X-
(or gamma-) ray beams, two scintillation coun-

ters, and two wedges characterized respectively by
fis and fjii . Since fxi , fiz , [iz , and m* all will vary

in different fashions with wavelength, it is possi-

ble, by an analog computer (or even by hand
computation), to determine h and s independ-

ently.^"^ It appears possible to accomplish this

also in a less cumbersome fashion by using a

broad wavelength band X-ray beam, a scintilla-

tion counter, and a two-channel discriminator set

to pass different pulse heights. Although care

might be necessary to correct the cross-talk be-

tween the two channels, it appears quite feasible

to determine directly h and s in this fashion.^

Heterochromatic Systems. Broad wavelength
band X-ray equipment is customarily used for

chnical purposes. Since the absorption coefficients

of bone and soft tissue, [ix and fi2 , are functions

of wavelength, it is necessary to represent h by

/nx dX (6)

where 7ox dX is the intensity between \ and \ +
dX. Then Eq. (1) must be replaced by ^

J n

/oxe-^^^-'^2s ^^ (10

The exponential must be left under the integral

sign since /xi and fX2 are functions of /x. This for-

mula neglects the effects of scattering.

One may use a wedge to cahbrate the film if

photographic technique is used with a heterochro-
matic X-ray beam. However, the choice of the
wedge material is very important. If it is suitably
chosen, then the ratio /^i/yus should be independent
of wavelength. A similar wedge is necessary even
if a scintillation counter is employed since Eq.
(1) must be replaced by (!') for heterochromatic
X-ray beams.

If /xos is neghgible, then one may use Eq. (2)
to find We , and then calculate b from

= — We . (30

In order to account for s one could try to find a
IV s as described above and use Eq. (3) to calcu-
late b. Unfortunately this procedure is theoreti-
cally invalid, since yti2//U3 will be a function of

wavelength, and hence the contribution of the
soft tissue to We will depend on b as well as on s.

In spite of this theoretical limitation, many man-
years have been spent in trying to find simple

geometric and arithmetic tricks to correct for the

soft tissue."' ^' ^' ^° The author has seen no data to

support the supposition that such a correction is

possible. In some cases, such as human fingers and
rat legs, the soft tissue is so thin that it is un-
important. Under these conditions the hetero-

chromatic beam can lead to useful quantitative

determinations of bone mineral content.

This situation could be improved by using two
wedges, characterized by fia and fn , and taking

photographs using X-ray beams of at least two
spectral distributions. If fn/fiz were independent
of X, and if, also, /x2/fjii were independent of \,

then it is at least in theory possible to interpret

the X-ray photographs in terms of soft tissue and
mineral content. The complexity of the equip-

ment, however, contraindicates its use.

Scattering. In the wavelength ranges produced
by chnical X-ray tubes, scattering plays an im-
portant part in determining the intensity reaching

a given spot on the X-ray film.^ If one is not con-

cerned about quantitative results, one may neglect

this scattering. However, for the quantitative de-

termination of the mineral content of bone, it is

necessary to include or compensate for scattering.

If a scintillation counter is used, scattering may
be reduced below the limits of experimental error

by colhmating the X-ray beam. It is necessary to

limit the X-ray beam both before it enters the

limb and also after it leaves the limb.

When the X-ray film is used, it is impossible to

eliminate the scattering. However, the scattering

produced by aluminum-zinc alloy wedges used bj'

Mayer and associates^ is similar to that of bone.

Thus these wedges automatically compensate (±5
per cent on the average) for scattering by bone
as well as for its absorption. However, scattering

from the frame of these wedges makes it impos-
sible to locate the thin edge of the wedge in a

fashion which is independent of the film exposure
and development. Since optimal film exposure is

different for different size bones, this scattering

introduces a systematic error into the results when
film and wedge techniques are used. Although a

simple modification of the wedge to ehminate this

error was suggested,^^ it has never been adopted.
Automated Analysis. Going across the image

of a bone point by point, transforming to equiva-
lent wedge thickness, and then numerically inte-

grating are time-consuming procedures unsuitable
for biologic and clinical studies. Accordingly, var-

ious schemes have been adopted to reduce the

time necessary for anah'sis. For example, the mov-
ing wedge sj'-stem^"^ referred to previously can be
cahbrated to give the mineral mass per unit area

of bone directly. One still has the problem of in-

tegrating numerically to find the mineral mass.

Others have designed and constructed special

analog computers.^"'"' '- These use a film with an
image of a wedge and of a bone (or limb). Fig. 1

is such a picture. The equipment is arranged so

that the output of a microdensitometer is recorded
graphically as the image of the wedge is scanned,

as shown in Fig. 2. This graphic record is then
used to set a function transformer whose voltage
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output is the analog of the equivalent wedge
thickness. The microdensitometer is then set to

scan a trace across the bone or limb; the output

of the microdensitometer is fed into the function

transformer; the output of the latter, shown in

Fig. 3, is in turn integrated in an analog fashion.

The final reading which results, when combined

with numerous constants, such as amphfier sen-

sitivity, transformer sensitivity, speed of scan,

and integrator time-constant, yields a number
proportional to the equivalent wedge thickness.

Conversion of this number to a best estimate of

the mineral content of bone expressed as grams of

calcium phosphate appears desirable, but is rarely

done. This omission results in part from the zero-

point error referred to above, in part from the

failure to find a suitable way of correcting for the

soft tissue, and in part from a desire to maintain

a continuity with units used earlier. The last units

were arbitrary units proportional to the equiva-

lent thickness of a step-wedge made of ivory.

(The ivory wedges were so nonuniform and the

scatter from the edges of the steps was so great

that they were subsequently abandoned.) The
literature could be tremendously simplified by
abandoning such terms as ''X-ray bone density

coefficient."

Density Versus Quantity. To date no success-

ful system has been evolved for determining the

density of the bone mineral content (that is, the

mass of mineral per unit volume of bone), al-

though this appears to be the biomedically sig-

nificant parameter. Investigators using the analog

interpretations of X-ray films with wedges re-

ferred to previously have developed various em-
pirical relationships to find the volume of thin

sections of bone from the dimensions of the bone
and soft tissue images on the X-ray film. At best

these relationships are empirical approximations

introducing large errors in the case of any ab-

normal shapes. Furthermore, a slightly different

placement of the finger or limb on the X-ray film

will drastically alter the constants of the empiri-

cal relationships. Thus these can have meaning
only at laboratories supervised by the same in-

vestigator. The general applicability of any such

empirical relationship seems rather questionable,

and its use for abnormal, pathologic situations

seems unjustified.

It does appear that two or more stereographic

projections could give a far better idea of the

actual shape of the bone. A stereographic tech-

nique is used routinely in the diagnostic x-ray

laboratories at the Mayo Clinic. Unciuestionably,

a similar technique could be adapted to analog or

digital computation to show the three-dimensional

shape of bone and hence allow a computation of

the volume of a thin section of bone.

In summar.y, the quantitative determination of

the mineral content per unit volume of bone is of

interest in biologic and medical studies. Although
in theory it is possible to determine this precisely

by use of X-ray techniques, and although all the

necessary types of physical equipment are well-

known, no one to date has developed a system
which is satisfactorv as well as convenient for use

with large numbers of patients (or animals). In

spite of this, useful results can be obtained in spe-

cial cases such as the bones of the finger.
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BONE AND TOOTH
INVESTIGATIONS

MINERAL": CRYSTALLOGRAPHIC

It is not surprising that one of the fairly early

applications of the powder diffraction method in-

volved attempts to obtain further insight into

the relationship between the chemical composi-

tion and crystal structure of bone^ and tooth sub-

stance.^ Nevertheless, significant progress was

feasible only after an accurate model of the

apatite structure had been obtained.'^'
*

By 1930, then, it was recognized that the prin-

cipal inorganic component of teeth and bones was

related structurally to apatite, but the question of

the universally present carbonate component was

not resolved until 1937,'' *" at which time it was
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OXYGEN

FLUORINE

O CALCIUM

• PHOSPHORUS

Fig. 1. Projection of the unit cell of fluorapatite on the basal plane. The elevations of the
atoms are indicated as decimal fractions of Co . Triangles indicate the positions of vertical
symmetry axes, either 63 or simple 3-fold. The elevations of Cai atoms should be 0, V2 rather
than .05, .45, .55, and .95. (From The American Mineralogist, (McConnell, 1938).)

demonstrated quite conclusively that carbonate
ions cannot enter the apatite structure as replace-

ments for fluorine ions. It had previously been
supposed that such a compound as CaioCCOs)-
(P04)6 could be isostructural with Ca:oF2(P04)6

,

but four separate lines of evidence deny this pos-

sibihty: (1) the ratio of Ca/P is not uniform, but
exceeds 1.667 (molar), in general, (2) the a perio-

dicity of the lattice is smaller for substances con-
taining carbonate groups, although CO3 should
greatly exceed F in size, (3) the specific gravity of

the carbonate-containing substance is less than
that of fluorapatite despite its smaller a periodic-

ity, and (4) some of the specimens of francolite

contain at least enough fluorine to fill all of the F
positions of fluorapatite but in addition contain at

least three per cent by weight of carbon dioxide.

Present concepts'^' ^ rationalize the compositions
of tooth and bone mineral and the apatite struc-

ture by combining the spatial equivalence

3P0r 4CO3

with the charge adjustment

Ca++ -^ H3O+.

The stereochemical explanation is developed
diagrammatically in sequence in Figs. 1-3, begin-
ning with the accepted structure of apatite (Fig.

1), which has been refined onlv verv slightlv since
1938.

In contradistinction to this structural theory
which fits most of the observed data fairly well,"*

there have been a series of speculations concern-
ing the existence of a second admixed carbonate
phase (CaCOs) which is assumed to be either

Fig. 2. Projection of the unit cell of apatite on
the basal plane (see Fig. 1). Small open circles are
phosphorus atoms coordinated with four oxygens;
small solid circles are carbon atoms coordinated
with three oxygens (see Fig. 3). (From Bulletin de
la Societe Frangaise de Mineralogie et de Crist al-
lographie {McConnell, 1952).)

''amorphous" or at least incapable of being re-

solved by optical and X-ray diffraction methods.
Some credibility might be extended to such pro-
posals were there any straightforward evidence
elsewhere for the existence of "amorphous"
CaCOs , and were the required amount of the
hypothetical admixed phase much less than the
10 per cent by weight of the entire mass of tooth
and bone substance which the compositions indi-

cate.

The assumption of contamination of the bone
apatite by CaCOs has led to the interpretation

1
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Fig. 3. Diagrammatic representation of the atoms
adjacent to the threefold symmetry axis, viewed

from position of arrow in Fig. 2. On the left the

Ca/ atoms and their nearest oxygens are shown for

fluorapatite. On the right the same oxygens are

shown, but they are now coordinated with carbon

and the Caj atoms have been replaced by H3O*
which are shaded. This is the postulated configura-

tion for carbonate apatites. {From same source as

Fig. 2.)

that, if CaCOs be subtracted from the analyses,

so-called "calcium-deficient apatites" are indi-

cated. However, the preparations on which these

conclusions are based are fine-grained synthetic

precipitates which are almost certainly mixtures

containing more than one phase.

The mineral carbonate apatites, francolite and

dahlhte, are not mixtures of two phases, but have

Ca/P ratios greater than 1.667 because of substi-

tution of carbonate groups for phosphate groups.

These minerals are closely related structurally to

ordinary fluorapatite but they are not strictly

hexagonal, as is demonstrated by their twinning

and by their optical properties. They are, never-

theless, fairly well-crystalHzed substances and

clearly serve as structural and chemical analogs

by which to interpret the carbonate hydroxyapa-

tite of tooth and bone substance.

B.y way of final summary, then, it has been es-

tablished that synthetic carbonate apatites can

be prepared at ordinary temperatures and pres-

sures, and that the carbonate ions are not ad-

sorbed, but enter the lattice of apatite.^" There

appears to be a relationship between the activity

of carbonate (or bicarbonate) ions and the forma-

tion of in vitro bone mineral and, under some cir-

cumstances, at least, carbonic anhydrase regulates

such deposition .^^
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BRAGG LAW. See Parameters of Crystal Lattices I.

BRAGG-GRAY PRINCIPLE. See Units and Measurements of

Radiation.

BREMSTRAHLUNG. See Betatron; Gauges, X-Ray; Produc-

tion of X-Rays; Sources, Radioisotope X-Ray.

BUERGER PRECESSION METHOD. See Moving Film Dif-

fraction Methods.

BUILDING MATERIAL INDUSTRY: X-RAY APPLICATIONS*

(See a/so Portland Cement Compounds: Crystal Struc-

tures)

In the development of new and better products

for homes, commercial and industrial structures,

improved building materials are essential. In addi-

tion a diversity of building materials are in de-

mand to meet the wide range of modern archi-

tectural forms and still function to protect the

* Presented at Symposium in honor of retire-

ment of Prof. G. L. Clark, University of Ilhnois,

May, 1960.
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structures and their occupants against weather,

fire, cold, heat, and sound.

In many building materials, fibers (asbestos,

wood, glass or rock) are used for reinforcement,

flexibility or fireproofing properties. These are

combined with portland cement, organic polymers,

minerals such as dolomite, diatomaceous earth,

clay, silica and others to produce structural build-

ing materials with strength and durability, or for

high temperature and electrical insulations.

With advancing technologies, efficient opera-

tions and precise controls, research and develop-

ment are of great importance in seeking new
building products and improving presently avail-

able materials.

X-ray techniques are widely applied in the

building industry because of their versatility and
time-saving factors. These techniques also can

supply certain information which other instru-

ments fail to provide. These applications will be

discussed separately under individual instrumental

techniques.

X-ray Diffraction Techniques. The nonde-
structive and simple X-ray diffraction method is

widely used in chemical analysis for identification

purposes. Semiquantitative estimations and pre-

cise quantitative analysis of powder mixtures can

be made employing an internal standard. By X-
ray diffraction, many minerals, chemical com-
pounds, high-temperature refractory materials,

components in portland cement and other related

species can be determined. This technique is also

useful in industrial hygiene to evaluate the

amount of quartz, talc, and a-cristobolite present
in industrial dusts.

X-ray methods are employed in the production
line as a control for maintaining constant compo-
sition of the reactants during various stages of

mixing and for determining unstable intermediate
products and the final finished material at the
time of their formation. The advantage of this

method over the conventional wet analysis is es-

pecially apparent in rapid, simple silicate deter-

minations, since sihcates are often an essential

component in many building products. X-ray dif-

fraction analysis of certain specific silicates can be
made by scanning through a small range of dif-

fracting angles and then evaluating the area under
the peaks on a previously prepared calibration

curve. Desired compositions, impurities, particle

size ranges, and conditions of reaction of the
samples from batch to batch can be analyzed in a
matter of minutes while the operation is still in

process.

With the diversified products and the complex-
ity of the materials involved in the modern
building material industry, it is almost impossible
to determine all the compounds present in the
multicomponent product in one analysis. Patterns
of minor components or poorly crystallized ma-
terials are frequently masked bj^ the predominant
species or strong diffractors. This hmitation can
be overcome by employing heavy liquid separa-
tions to reduce the components present in each
fraction. With the assistance of microscopic ex-

aminations, the results are generalh' satisfactory.

The future development of this technique will

be extended to the structural studies of various

glasses prepared for high-temperature insulation

use, and to other amorphous substances by using

the pinhole method, in which the diffraction pat-

tern is registered on a flat film. High-temperature
metastable phase transformations and the proper-

ties of these metastable phases can be studied in

the desired temperature range.

X-ray Emission Spectroscopy. Because of the

fast, nondestructive, economical and reproducible

performances of X-ray emission spectroscopic

analysis, it is in great demand for its application

to various chemical analyses. It can be applied to

all forms of specimens, solid or liquid, crystalline

or amorphous, and it yields results of high pre-

cision.

The method is similar to optical emission spec-

troscopy, in which the elements are identified b}'

means of wavelength and the intensities of the

spectral Hues. X-ray spectra are usually generated

by fluorescence excitation, induced by an X-ray
source with tungsten or some other metal as the

target. The spectra are then analyzed by diffract-

ing from a single crystal, and the reflected radia-

tion is measured by flow proportional counters or

scintillation counters. The results are evaluated

from the calibration curves for intensity versus

the amount of the element present in known
standards. It has been found that the matrix fac-

tor of the sample affects the accuracy of deter-

mination and for precise quantitative analysis cal-

ibration curves obtained from a similar matrix
are necessary to eliminate the interference of ab-

sorption effect. Thus, working curves of individual

species such as portland cement, diatomaceous
earth, kaolin clay and others are prepared for

specific analysis.

Elements of atomic number greater than 22

(Ti) can be analyzed very easily and readily. The
elements of lower atomic number usually generate

radiation of long wavelengths which are more eas-

ily absorbed by air, resulting in low intensit}'. En-
hancement effects and difficulties in finding suit-

able analyzing crystals are also encountered.

In the building material field, we are especialh'

interested in elements such as B, Mg, Al, Si, Ca,
and others. Unfortunately, most of these are in

the low atomic number range. With helium paths
or vacuum tunnels, gas-flowing proportional coun-
ters, adequate analyzing crystals and pulse height

analj'zers, fluorescent analysis of elements can be
extended to elements with atomic numbers as low
as 13 (Al) ver}^ accurately. Future improvements
of present equipment probably will increase the

accuracy for the determination of a small amount
of Mg (atomic No. 12) and of the elements with
even lower atomic number.
This technique can be applied in plant produc-

tion as well as in research as an excellent control

tool for routine anal3'sis of cements, minerals, and
related materials. A potential application is the

study of inorganic metallic oxide pigments in

flexible siding, shingles and roofing materials, etc.

The thickness of the coating and the homogeneity
of the pigments can be determined from area to



BUILDING MATERIAL INDUSTRY 110

area by evaluating the intensity of certain char-

acteristic radiation of the elements present only

in the pigments. The plating thickness can also be

determined by measuring the absorbed fluorescent

radiation such as iron coating on the cementitious

materials.

X-ray Absorption. This technique is not as fre-

quently used as the methods described previously,

but its apphcation in the plant for precise thick-

ness gauging and porosity measurements of asbes-

tos-cement pipes, and flat sheets of similar com-
positions are rather widely known.

In practice, the diminution in initial intensity of

X-rays through the sample of thickness to be

determined is registered by a probe. The signal is

then converted to an indication of mass variability

from the standard and is automatically recorded

on a chart. The uniformity, defects and the thick-

ness of the sample thus can be determined at for-

mation time. Corrections in operations can be

made immediately without involving further han-

dling or testing.

The porosity measurement is used to determine

the true thickness of the solid matter. For a

platj^ specimen, different areas can be studied for

comparison, whereas micrometer readings only in-

dicate the apparent thickness of a sample. This

X-ray method is used often for studying the prop-

erties of various acoustic boards, pressed wood
pulp sheets and papers.

Structural Studies. For pure research purposes,

many minerals and synthetic materials produced
by means of hydrothermal synthesis are being

studied, and numerous references can be found in

the literature which concern a variety of silicates,

amphiboles, etc. With the knowledge of unit cell

size, density and structural arrangements of vari-

ous compounds, in conjunction with the informa-

tion obtained from electron diffraction patterns,

many hydrated portland cement products, asbes-

tos, talc, clay minerals, refractories and other re-

lated silicates can be compared and studied.

Chemical behaviors of these compounds such as

the stepwise dehydration of hydrates, the effect of

isomorphous substitution in the crystal lattice,

and the detection of the disorder in the layer lat-

tice due to the displacements of the structural

layers are also of great interest.

Small-Angle Scattering. The small-angle scat-

tering technique is employed to determine particle

size by measuring the scattered X-ray intensity of

the material. It can be used to determine the

particle size in the range below 2500A, which is

beyond the resolution of a light microscope. This
method can be used in building product research

for studying the properties of inorganic sols, in-

dustrial emulsions, cements, pigments and organic

polymers.

The conversion of the X-ray diffraction equip-

ment to small-angle scattering is rather simple;

the procedure is to monochromatize the incident

X-ray beam by either a two-slit collimater or by
crystal reflection before it is transmitted through
the specimen. The direct beam is intercepted by a

lead beam stop, and the scattered radiation is

measured either by a recording spectrometer or by
a photographic emulsion. The average gyration

radius R can be determined by Guinier's deriva-

tion, in which the scattered intensity 7 is a func-

tion of the square of scattering angle 6. A linear

curve should be obtained when the logarithm of

the intensity is plotted against d~ for a homogene-
ous sample composed of spherical particles.

When this method of analysis is compared with

other size-determining methods, it is generally in

agreement with the calculations computed from
X-ray diffraction line broadening. However, it fre-

quently yields lower results than those of electron

microscopic determinations and nitrogen adsorp-

tion surface area measurements when the sample
is composed of a large amount of crystal aggre-

gates or heterogeneous particle sizes and shapes.

The measurements of particle size by small-angle

scattering technique becomes inaccurate when the

radius of the particles exceeds 200A. For industrial

application, the method is also limited to samples

with rather uniform size and spherical shape. On
the other hand, it is a useful tool when correlated

with other methods of particle size analysis for

determining relative amounts and size dimensions

of smaller particles present in a sample.

Microradiography. Microradiography is often

used as a supplementarj^ tool for light micros-

copy, in which a monochromatic point source pro-

ducing an X-ray beam of chosen wavelength is

used on a thin section (about 0.1 mm or less) of a

small sample. The image is recorded on a fine-

grained photographic emulsion which is in direct

contact with the sample. The image can be en-

larged up to a few hundred times afterwards. The
technique may be used to detect flaws and poros-

ity in the finished products, to study the fine tex-

ture of wood fiber board, laminated sheets with

various binding materials, corrugated "Transite"

and other materials, with a point to point ex-

ploration of surfaces.

The advantages of microradiography over light

microscopy are: (1) it provides an indication of

3-dimensional structure distribution rather than

2-dimensional surface phenomena, and (2) it re-

veals the variation of the nature of ores and min-

erals which are too opaciue for examination with a

polarizing microscope. Its limitations are the long

exposure time required in microradiography be-

cause of the low intensity of the radiation, and

the fact that the resolution is Umited by the grain

size of the photographic emulsion.

Summary. The methods discussed are the tech-

niques most commonly employed at present in

the building-material industry. It is hoped that

in these applications may be seen the diversity and

versatility of applied X-ray methods in the in-

dustry, and that others in the same field will apply

these techniques to similar problems. Undoubtedly

such applications will lead to future explorations

in other X-ray analyses designed to meet specific

problems in the industrial research and testing

laboratories as well as in production control.
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CAMERAS, DIFFRACTION. See Diffraction of X-Rays-Basic

Apparatus and Techniques.

CAMERAS, MICRODIFFRACTION. See Microdiffraction

CAMERAS SMALL (POWDER), FOR RECORDING LOW
ANGLE LINES

Conventional small Debye-Scherrer cameras

(57.3 mm diameter) made by Norelco allow the

recording of lines only as low as about 9°25' (2(9),

and only above 12° to 14° are intensities recorded

accurately (Fig. 1). Several means of improving

the range exist, however, and it is possible to ex-

tend the lower limit to values sufficiently small

for most mineral work without great expense or

inconvenience.

Parrish and Cisney^ describe a special Norelco

tube system (colUmator and exit tube) which im-

proves quality of the lines to the very edge of the

standard 9 mm film hole. A disadvantage of this

system is that reflections at angles greater than

90° (29) are not recorded. Martin Vivaldi, Girela

Vilchez, and MacEwan^ describe two means of in-

creasing the low d range through the use of (a) "an

extension tube for the beam catcher," or (b) an

''auxihary beam catcher" which fits inside the

camera. These parts, which permit the recording

of lines with spacings as great as 29A (small cam-

era, Cu radiation), may also be obtained from the

Phihps Company, according to the authors.

Figure 2 shows a modified camera setup similar

in concept to the extension tube method of Martin

Vivaldi et al. The modification was used in the

Geology Department, University of Wisconsin, in

1957 and 1958, and involves the use of only one

accessory, a spacer cut from rubber tubing. The

Powder camera
diagrammatic side view

Primary

FIGURE I. Conventional comera set-up.

Spacer of

ubber

tubing.

FIGURE 2 Modified camera set-up.

Plan view of low 6 end of powder film
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Fig. 3. X-iay pattern of ripidolite-liko clilorito. Film A was obtained using tlie camera
modification shown in Figure 2. Note clear line in the 14 A region. Film B was obtained
using conventional camera and punch. Original sample was a coarse chlorite "book": powder
for X-ray work was obtained by scratching with diamond point and was .mounted on gelatin
fiber. Camera diameter 57.3 mm, radiation Fe filtered with Mn. {Photographs from X-ray
Laboratory, Department of Geology, Washington State University.)

spacer is made to permit the withdrawal of the

exit tube to the point at which a film exit hole

6.4 mm in diameter may be used (Fig. 2). Fea-
tures of this modification are (a) that the exit

tube still fits snugly in the camera and alignment
is not disturbed, (b) that the spacer is removable
instantly if not wanted, (c) that the hole required
is the diameter of an ordinary paper punch, and
(d) that the lower limit of the reflections recorded
is reduced to about 6V2° (2<9). Corresponding max-
imum d values are 17.4A with Fe radiation and
13.9A with Cu radiation. Film holes as small as

4.7 mm have been used successfully, but holes of

this size must be very accurately placed, or align-

ment of the exit collimator is difficult.

In Fig. 3, two X-ray films of the same sample
are shown, one obtained using conventional tech-
niques and the other using the modifications de-
scribed. A strong line at about 14A is clearly re-

corded in the latter film but is absent in the
former.

The modified camera is especially useful to re-

cord low-angle lines when very small samples are
being studied, because the very long exposures
needed in a large camera are avoided and better
films are obtained. Furthermore, the regular use
of the modified powder camera provides a con-
stant check on the low 6 region for all mineral
samples that are commonly run in small cameras
and at the same time produces films of particularlj-

good quality. The savings in time and film by ex-
tending the use of the small camera are self-evi-

dent. It cannot be claimed, of course, that the
larger camera is thus supplanted for most powder
work, for large films still permit greater accuracy
in measurements.
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CARBOHYDRATES. See Polymerization of Carbohydrates
and Related Compounds.

CARBON AND HYDROGEN DETERMINATION USING IN-

TENSITY RATIOS OF COHERENT TO INCOHERENT

SCATTERING OF X-RAYS

Few analytical applications of X-ray scattering

have been made. Incoherent scattering has been
considered mainly as a nuisance in X-ray spec-

trography.*' ® However, coherent scattering has
been used to detect high atomic number elements
in low atomic number matrices,'^' ^ and such

use has produced considerable interest in the ap-

plication of X-ray scattering to analytical prob-
lems.**

Application of the theory of scattering to analy-

tical problems has been described.^' ^ Many X-ray
spectrographs use a tungsten target tube and pro-

duce a high intensity coherent scatter peak at the

wavelength characteristic of the Lai transition of

tungsten for substances rich in low atomic number
elements. An incoherent scatter peak is observed

at a wavelength slightly greater than that of the

characteristic scatter. The intensities of the co-

herent and incoherent scatter peaks are of the

same order of magnitude using conventional X-ray
spectrographs, if the tungsten Lai transition is

used as the reference coherent scatter wavelength.

The use of the intensity ratio of coherent to in-

coherent scatter is quite sensitive to changes in the

carbon to hj^drogen ratio of samples, and the in-

tensitj^ ratio method also reduces certain matrix
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Table 1. Typical Calibration Data and Re-

sults FOR Carbon-Hydrogen X-ray
Analysis of Hydrocarbons.

Calibration Data

1
^

c-P^ Per cent
§s>. R, Cal- Devia-

Hydrocarbon

ill
% culated tion in

R

72 -heptane 0.8359 83.90 0.8335 -0.29

Cvclohexane 0.9181 85.62 0.9122 -0.64

Czs-decahvdronaph- 0.9640 86.87 0.9694 0.56

thalene

50% Cis-decahydro- 1.0647 89.005 1.0694 0.44

naphthalene, 50%
Toluene

Benzene 1.2149 92.25 1.2157 0.06

xAverage Deviation 0.40

C, Per cent = 21.845R + 65.693

Determination of per cent carbon in hydrocarbons

Hydrocarbon R«
Per cent
Carbon,

Determined

Per cent
Carbon,

Theoretical

Methyl cyclohex-

ane
Czs-decahydro-
naphthalene,

(after 3 weeks)

Xylene
Toluene

0.9112

0.9736

1.1395

1.1745

85.60

86.96

90.58

91.35

85.63

86.87

90.50

91.24

^ Averages of quadruplicate determinations.

effects. The distance between the X-ray tube

target and sample surface is not critical in case an

inverted optics X-ray spectrograph is not avail-

able.^- ^ The background near the scatter peaks

is produced by scatter of the white spectrum of

the X-ray tube, and its intensity varies only

shghtly for small changes of wavelength. Thus the

background intensity taken near the scatter peaks

may be subtracted from the observed intensities

of the scatter peaks to give the scatter intensities

produced by the tungsten Lai transition of the X-

ray tube. If elements other than carbon and hydro-

gen are present in a sample, corrections based on

the concentrations of these additional elements

must be made.
A conventional X-ray spectrograph with voltage

and current stabilization may be used. A scintilla-

tion counter and pulse height analysis equipment

are desirable, because high counting rates are en-

countered. The X-ray spectrograph used was

equipped with a tungsten tube, sodium chloride

crystal, and parallel plate collimators. A helium at-

tachment was used, but this is not absolutely

necessay, since use of helium results in only slightly

greater intensities for the wavelengths of interest.

A water-cooled sample holder^ with no cover was

maintained at 2 ± O.IC to reduce evaporation

of volatile samples, but ordinary sample holders

might be suitable for many apphcations. Counting

rates were determined with conventional fixed

count methods. Sufficiently high counting rates

were obtained at 45 kvp, 25 ma, with the X-ray

spectrograph used, resulting in over 2000 counts

per second in some cases. In all instances 51,200

counts were taken for each wavelength of interest,

and this procedure was repeated 3 times for each

wavelength. The coherent scatter peak occurred

at 30.60^ (261), the incoherent scatter peak occurred

at 31.21°, and the background was taken at 29.75°.

Peak positions should be located experimentally,

because they may differ somewhat for different in-

struments. Corrected peak intensities were ob-

tained by subtracting the background intensity

from each uncorrected peak intensity; the ratio,

R, of coherent to incoherent scattering intensity

then was calculated, using the corrected peak in-

tensities.

If samples containing only carbon and hydrogen

are to be studied, calibration is quite simple.

Several high-purity hydrocarbons having the range

of carbon-to-hydrogen ratios of interest are se-

lected as standards, and a calibration curve is ob-

tained from the experimentally determined R
values and the known percentages of carbon in the

compounds. This cahbration curve is best obtained

with least squares methods. The concentrations of

carbon in the unknown samples may be obtained

using the calibration curve, or an equation repre-

senting the calibration curve. Typical calibration

data and results of carbon-hydrogen analysis are

shown in Table 1. It should not be assumed that

the same calibration curve will hold for all X-ray

spectrographs.

Corrections must be made for elements other

than carbon and hydrogen, if these elements occur

in concentrations sufficiently high to cause inter-

ferences. The main interfering element in petro-

leum is sulfur. Significant quantities of brine also

may cause error,^ and brine should be removed,

if present. Petroleum may contain a few-tenths

percent nitrogen. Concentrations of other elements

usually are so small as to be unimportant for

this work. In exceptional cases, as with air-blown

asphalts, oxygen might be present to the extent

of several per cent, and appropriate modification

of the method would be necessary.

Calibration standards were prepared containing

known concentrations of hydrogen, carbon, and

sulfur. The sulfur compound used was 2-octyl-5-

ethylthiophene, although many other sulfur com-

pounds probably would be suitable. Some typical

intensity ratios for sulfur containing standards are

given in Table 2. Calibration curves for various

fixed sulfur concentrations were parallel to the

curve for hydrocarbons, but displaced toward

higher R values. The displacement of the calibra-

tion curves along a normal to the hydrocarbon

calibration curve varied almost linearly with

sulfur concentration. It proved simplest to fit an
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equation to the calibration data for various sulfur

concentrations, and the equation for the experi-

mental conditions used also is given in Table 2.

A correction for nitrogen concentration was de-

sired for petroleum analysis, although this cor-

rection often is small. Because nitrogen differs

from carbon by only one atomic number unit,

these elements have similar scattering properties.

Thus, for concentrations of nitrogen less than 1

per cent, the concentration of carbon was de-

termined neglecting the presence of nitrogen, and
this carbon concentration was corrected by sub-

tracting the nitrogen concentration.

Once calibration data are obtained, R values

may be determined for petroleum samples. The
sulfur and nitrogen concentrations may be ob-

tained with any appropriate method. The con-

centration of carbon and hydrogen in the petro-

leum may then be obtained using the calibration

equation given in Table 2. It should be noted that

sulfur may be determined in the X-ray spectro-

graph, if desired.^'
^

Table 2. Calibration Data for Sulfur-Con-
taining Samples.

Sample
Sulfur,

%
Carbon,
%

Hydrogen,
%

Ra

1

2

3

4

5

6

7

0.000

0.500

1.000

2.000

3.000

4.000

5.000

86.875

86.457

86.039

85.203

84.367

83.531

82.695

13.125

13.043

12.961

12.797

12.633

12.469

12.305

0.9759 ± .0036

1.0108 ± .0040

1.0666 ± .0049

1.1430 ± .0090

1.2319 ± .0056

1.3217 ± .0038

1.4135 ± .0051

C, Per cent = 21.845R + 65.693 - 2.725%S
H, Per cent = 100.00 - %S - %C

Sulfur and Nitrogen Containing Samples (less

than 1 per cent nitrogen)

%(C + N) = 21.845R -I- 65.693 - 2.725%S
%C = %(C + N) - %N
%H = 100.00 - %S - %C - %N

° Averages of quadruplicate determinations.

Table 3. Comparison of X-ray and Micro-
combustion Methods for the Determina-

tion OF Carbon and Hydrogen in

Petroleum.

Carbon, % Hydrogen, %
Petro-

s % N, %leum
Comb.o X-ray Comb." X-ray

1 85.44 85.38 11.88 12.56 1.40 0.66
2 85.58 85.88 13.22 12.79 1.25 0.08
3 86.46 86.89 13.45 12.98 0.13 0.07
4 84.69 85.51 12.23 11.50 2.62 0.37
5 85.24 85.69 12.10 12.53 1.41 0.37
6'' 87.84 86.44 13.93 13.46 0.10 0.01

** Microcombustion analyses were performed by a commercial
microanalytical laboratory.

The combustion results must be too high in this case since
C -4- H = 10L77%.

In Table 3, typical results using the X-ray
method of carbon-hydrogen analysis are com-
pared with microcombustion method results. The
microcombustion analyses were performed by a

commercial microcombustion laboratory and prob-
ably represent typical results for routine carbon-
hydrogen determination of petroleum.
The accuracy of the X-ray method seems to be

very close to the precision when the method may
be applied exactly, as in the case of the analysis of

hydrocarbons. Unfortunately, the absolute accu-
racy cannot be evaluated for the crude petroleum,
because the precision of the microcombustion an-
alyses of some of the petroleums occasionally ex-
ceeds 1 per cent. However, the accuracy of the X-
ray method appears at least as good as that of

the routine microcombustion method for petroleum
samples. The X-ray method is rapid. Carbon and
hydrogen may be determined in quadruplicate in

20 minutes or less, and no sample preparation is

necessary.
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CARBON DIOXIDE REACTIONS, RADIATION-INDUCED. See

Reactions, Radiation-Induced, of CO2 .

CATALYSTS (INCLUDING ENZYMES): PHYSICAL AND CHEM-

ICAL PROPERTIES REVEALED BY X-RAYS. (See also

"Catalysts: Structural Properties," W. L. Kehl, p. 120.)

A catalyst is a material substance which alters

the velocity of a chemical reaction although it is

neither a reactant nor a product. Most catalysts

have different effects on different reactions and
thus possess the important attribute of specificity.

It is convenient to distinguish between homo-
geneous catalysis, where catah'st, reactants and

products all exist in a single phase, usually fluid,

and heterogeneous catalysis, where the catalyst

forms a separate phase from the reactants and

products. In heterogeneous catah'sis the catah'st

operates by selective adsorption of one or both

of the reactants on its surface to form an unstable

intermediate, while in homogeneous catalysis the

catalyst forms an unstable complex with the re-

actant molecules.
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Fig. 1. Variation of composition of Fischer-

Tropsch catalyst with duration of synthesis reac-

tion. The analyses were made by a combination of

X-ray diffraction and chemical techniques (ref.

10). Ps-FesC is pseudo-cementite, Fe2C (Hagg) is

Hagg carbide and FeC is Adcock-Eckstrom carbide.

The chemical compositions given are only approxi-

mate and the crystal structures of these carbides
are not known with any certainty (Ps-FeaC is prob-
ably a distorted form of cementite but the details

of the distortion are not known).

.
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Fig. 2. Partial diffractometer pattern from
Fischer-Tropsch catalyst, showing contributions
from all phases present. Broadening of lines due to
small crystallite sizes and strains is clearly visible

(ref. 11).

This very brief summary of the fundamentals of

catalysis (see Ref. 1 and 2 for more detailed treat-

ments) does not do justice to the great variety

and complexity of catalytic reactions; very few of

these, if indeed any, are completely understood in

fundamental terms. Nevertheless, a vast amount
of empirical information about catalysis has been
accumulated since its discovery more than 140

years ago. X-ray methods have in recent years

contributed substantially to this body of informa-

tion (see, for example, Ref. 3) ; the advantages
and limitations of X-ray methods must be viewed
in the context of the information required for a

fundamental understanding of the behavior of

particular catalysts.

Most of the apphcations of X-ray methods have
been to heterogeneous catalysts, so that the major
emphasis in this article is on these materials. One
wishes to understand how the physical and chem-
ical conditions of the catalyst surface influence its

interaction with the reactants. Because of the

fleeting nature of any intermediates formed, there

is little hope of studying their structures by X-ray
techniques, although other methods, such as infra-

red spectroscopy,* can give valuable information.

In addition X-rays are at an immediate disadvan-

tage in studying surfaces because of their ability

to penetrate matter; thus the information ob-

tained by X-ray methods usually refers to the

bulk of the sample and one can only hope that it

will apply to the surface as well. These inherent

hmitations of X-ray techniques must be borne in

mind when considering their apphcations.

X-ray methods have been widely used for qual-

itative and quantitative analysis of catalysts: X-
ray spectroscopy for determining elements present

and X-ray diffraction for determining phases. Cat-

alysts composed of small amounts of metal or

metalHc derivatives dispersed on a carrier of low

atomic number (e.g., silica or alumina) are par-

ticularly suited to routine quantitative analysis by

X-ray spectrography, as interrelement effects are

small and the matrix is essentially constant. The
physical state of the sample (i.e., whether it is

crystahine or noncrystalline, solid or hquid) is rel-

atively unimportant. The method has been most

popular in the petroleum industry.^' '^' ^ Small

amounts (up to 1 per cent) of potassium on iron-

based Fischer-Tropsch catalysts have also been

successfully analyzed.*^

X-ray diffraction has been used for quantitative

phase analysis of iron-based Fischer-Tropsch cat-

alysts produced by reduction of fused magnetite.

In the Fischer-Tropsch process carbon monoxide

is catalytically hydrogenated to hydrocarbons and

other organic products.^ After exposure of the

original alpha-iron powder to synthesis conditions

for some time, the catalyst consists of a complex

mixture of a number of phases (FcsOi, a-Fe and

various iron carbides) which are all reasonably

well crystalhzed. The composition of the mixture

varies during a synthesis run'° (see Fig. 1) and

correlation of catalyst performance with composi-

tion is required to provide a basis for assessing

future runs. The various phases present at dif-

ferent stages can be determined by X-ray diffrac-

tion, the accuracy being about 5 per cent of each

phase." Part of a typical diffraction pattern is

shown in Fig. 2. Photographic recording of the dif-

fraction patterns has been found satisfactory in

routine analyses where speed is important but dif-

fractometer techniques give more accurate results.

Iron-based Fischer-Tropsch catalysts have been

examined by both X-ray and electron diffraction

by McCartney et aU^ For fused catalysts that had

been exposed to synthesis conditions electron dif-

fraction showed the presence of magnetite and

also magnesium oxide, a structural promoter,

whereas X-ray diffraction and thermomagnetic

analyses showed iron, iron carbides and magnetite

to be the principal phases. These differing results

show that iron carbides are not present in the

surface layers of the particles and illustrate the

warning given above about the limitations im-

posed on X-ray methods in catalyst investigations

by their abihty to penetrate matter.
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It is only rarely that catalysts are sufficiently

well crystallized for complex phases to be de-

termined quantitativeh" by X-ray diffraction, and
it is more usual for only very poor patterns to be

obtained, thus making phase identification haz-

ardous. However, an indirect approach, based on
suitable heat treatment of poorly-crystalline sam-
ples, can often give useful results. For example,

the compositions of silica-alumina catalysts (25

per cent alumina) heated at 700 to 1250°C have
been determined by X-ray diffraction;^^ the

amounts of gamma-alumina and mullite (3AI2O3

.

2Si02) found in the heated samples allowed in-

ference of the relative amounts of amorphous
alumina and silica-alumina phases in the original

gel and their dependence on the preparative

method used.

In general, catalytic activity is inversely pro-

portional to degree of crystallinity and thus the

X-ray methods of determining crystallite sizes

and strain distributions, particularly particle sizes

and surface areas, have found considerable ap-

plication. In this context a crystallite is a region

which diffracts X-rays coherently, while a particle

is a region bounded by an abrupt change in elec-

tron density. Crystallites may be bounded by
small-angle or ordinary grain boundaries, while

stacking faults may also simulate the effect of

crystallite boundaries and must be taken into ac-

count when assessing true crystallite size. One
particle may contain many crystallites.

Crystallite sizes and strain distributions can be
obtained from analysis of the shapes of Bragg re-

flexions in powder patterns. In earlier work line

breadths were measured but much more detailed

information can be derived if the shape of the line

is measured and analysed by Fourier transforma-
tion.^* The method gives useful results only for

crystallite sizes below about 1000 A, while practical

considerations of resolution and intensity measure-
ment limit application to high symmetry crystals.

So far the method has only been applied to the
iron catalysts used in the ammonia and Fischer-

Tropsch syntheses. In the Haber ammonia synthe-
sis the nitrogen-hydrogen mixture is passed over
an iron catalyst at a temperature of about 450°C,
and pressure of about 300 atmospheres.^^ The iron

catalyst is produced by reduction of magnetite and
would sinter very rapidly under the severe oper-

ating conditions of the synthesis. Wyckoff and
Crittenden" in 1925 showed by powder photo-
graphs that addition of small amounts of AI2O3 to

the original magnetite effectively prevented crys-

tal growth in the iron obtained upon reduction.

Quantitative measurements^^ of line breadths of

such iron samples indicated that the broadening
was due to a small crystallite size, although more
refined methods of analysis may show that in-

ternal strains are also important. These results are

valuable as they, used together with other evi-

dence, allow the construction of a physical picture
of the state of the catalyst .^^ The temperatures
used in the Fischer-Tropsch synthesis are too low
for sintering to be a serious problem, but here it

has been found that different chemical treatments
of used catalyst (e.g., single or multiple reduction)

produce rejuvenated catalyst with different cata-

lytic behavior. These differences can be related to

the physical state of the various samples of re-

duced iron as deduced from line-shape analyses."

Small-angle scattering of X-rays gives useful

information about pore sizes and surface areas of

catalysts—data which can also be obtained by
various gas-adsorption techniques.^® Small-angle
scattering is a particularly valuable tool for the

study of gel-type catalysts, but for crystalline

catalysts allowance for the effects of double-Bragg
scattering is essential if meaningful results are to

be obtained.^^

The theory of small-angle scattering has been
discussed by Debye,'°' ^^' " and only a much-sim-
plified approach will be take here. For certain gel

catalysts a random distribution of pores can be
demonstrated experimentally from the small-angle

scattering measurements -and values can be de-

duced for the pore radius and surface area. The
correlation between X-ray and adsorption-iso-

therm values of these quantities is shown in Table
1. These results were obtamed by Gunn,^^ who
pointed out that part of the discrepancies could

be attributed to the fact that the two techniques
do not measure exactly the same structural pa-
rameters of the catalyst. Gunn also demonstrated
various empirical correlations between the small-

angle scattering patterns of different samples of

the same catalyst t^^pe and their catalytic effi-

ciencies.

X-ray diffraction techniques have been apphed
to catalytic problems in two other ways. All the-

ories of heterogeneous catalysis depend on the

adsorption of gases on the crystal faces of solid

catalysts. One of the factors influencing adsorp-

tion will be the relation between the dimensions
of the gas molecules and the interatomic spacings

of the various crystal faces that can be exposed.
These interatomic spacings are calculated from
cell dimensions measured by standard X-ray dif-

fraction (and also electron diffraction) techniques.

It is also clearly desirable to have a measure of

the relative abundances of the different crystal

faces exposed. X-ray diffraction provides a means
of determining this preferred orientation. An in-

teresting application has been to the iron catalyst

obtained for ammonia synthesis by reduction of

Table 1. Pore Sizes and Surface Areas of
Steam—Deactivated Silica-Alumina Gel

Catalysts (Results from Gunn22).

From adsorption
isotherm

From small-angle
scattering of X-rays

Sample No.
Surface
Area
m2/g

Average
Pore

Radius A

Surface
Area
m^/g

Pore
"Radius"

1 497 13 413 18

2 244 27 386 19

3 205 34 375 20

4 111 67 158 49

5 78 75 148 49

6 52 82 106 50
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Fig. 3. Fine structure in the vicinity of the Mn
K absorption edge (1.90 A = 6537 ev) for two
manganese reference compounds (MnOo and
NaMnOi.HoO) and two supported permanganate
catalysts. The change in chemical form is shown
for the carbon-supported catalyst. Values of ab-

sorption coefficient were normalized to make ^u, =
just below the edge and /x = 1.0 about 200 e.v.

above the edge (ref. 25).

magnetite. Westrik and Zwietering-^ showed that

reduction of single crystals of magnetite produced

a pseudomorph of the same external shape and

dimensions as the original crystal, but consisting

of polycrystalline iron in a highly porous condi-

tion and with {ill} planes parallel to the {ill}

planes of the original magnetite. It has been
shown that the {ill} planes of iron are the most
active (at least for the hydrogenation of ethyl-

ene^*) and thus it appears that the suitability of

magnetite as precatalyst for ammonia synthesis is

due to the fact that reduction gives an iron cat-

alyst with the most active surfaces exposed.

The emphasis up to this point has been on the

derivation of information about the physical na-

ture, and particularly the texture, of heterogene-

ous catalysts. Information is also needed about
the chemical condition and valence state of cat-

alysts, especially when these consist of small

amounts of metals or their derivatives dispersed

on relatively inert carriers. Measurement of the

fine structure of the X-ray K absorption edge in

the range 3-100 ev above the principal absorption

edge can provide this information."^ Unfortunately

the theory of the effect is not well developed and
the usefulness of the method rests at present

essentially on empirical correlations. The spectra

obtained (a conventional diffractometer slightly

modified is a suitable instrument) are illustrated

in Fig. 3. The first and fourth spectra are for

Mn02 and NaMn04-Il20 and show pronounced
differences in form, which are presumed to be due

to valence differences and to the different types of

coordination of oxygen about manganese in the

two compounds. These spectra were used as ref-

erences for the identification of two catalysts

formed by impregnation of activated carbon and

silica gel with aqueous NaMnO* . Neither of the

catalysts showed any crystalline components by

X-ray diffraction. Nevertheless, their X-ray ab-

sorption spectra differ and it is clear that the

permanganate on silica gel remains as such,

whereas that on activated carbon is reduced to

MnOc
,
perhaps in hydrated form.

The method has many advantages for catalyst

investigations. It is specific as the wavelength of

the K absorption edge is characteristic of the

element concerned. The absorption edges of the

catalytically important first transition series met-

als are at wavelengths which are very convenient

experimentally. Metal concentrations down to 0.5

per cent can be used; the state of material is not

important—crystalline and noncrystalline phases,

as well as solutions and fluids, can be investigated.

Work of the type described above provides es-

sential structural information (both physical and

chemical) for the correlation of catalyst composi-

tion and behavior. However, it does not give any

direct clues to the nature of the active centers or

the mechanism of the interaction between the re-

actants and the catalyst surface. X-ray diffraction

methods of structure analysis have been powerful

in illuminating these problems in the field of

stereospecific polymerizations opened by Ziegler

in 1953. Further work, particularly by Natta and

his collaborators,''-'"' has shown that, in the

presence of small amounts of electron-deficient

metal-organic compounds such as ALRe (R alkyl

group or halogen) and crystalline transition-metal

chlorides such as TiCU , a-olefins and related com-

pounds polymerize to crystalline linear high poly-

mers in which the steric orientation of the carbon

atoms follows an ordered arrangement along the

chain.

The structures of the products have been widely

investigated by diffraction methods. Variations in

the rate of polymerization and degree of stereo-

specificity have been correlated with the crystal-

linity of the TiCL used; the best results were

obtained with the most crystalline samples, which

is in accordance with the nature of the products.

Differences in the catalytic behavior of various

transition-metal chlorides and especially the var-

ious polymorphs of TiCU can be explained in

terms of their crystal structures. Natta^' has sug-

gested that the active centers are formed by

epitaxial chemisorption of the aluminium alkyls

(or mixed halogen alkyls) on the edges of the

TiCls layer crystals, the two metal atoms being

united by bridge bonds through alkyl groups or

halogens. This structure could not be demon-

strated directly by X-ray examination as only

about 1 per cent of the Ti atoms are involved in

the formation of active centers. However, strong

supporting evidence was provided by the discovery

that certain soluble Ti-Al complexes containing

similar bridge bonds (e.g., (7r-C5H5)2TiCl2Al(C2H5)2

,

the structure of which is shown in Fig. 4) could
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catalyze the polymerization of ethylene under
homogeneous conditions."^ Polymerization of a-

olefins occurs with these complexes only in the
heterogeneous systems formed by addition of

crystalline TiCla . The mechanism proposed for

these reactions is called anionic coordinated poly-
merization and is ilustrated in Fig. 5.

Detailed X-ray structural analyses similarly

offer the possibility of understanding the mecha-
nism of enzyme reactions in fundamental terms.

Unit cell

a=677A
b=1424A
c = 754A

Fig. 4. Molecular structure of the complex
(Tr-CsHs)^ T1CI2 Al (CHs). determined bv X-rav
diffraction (ref. 27).

Enzymes are highly specific catalysts for bio-

chemical reactions. Structurally they are globular
proteins (molecular weights ranging from 15,000
for ribonuclease to over a million for cholinester-
ase); some enzymes consist of protein and co-
enzyme parts while others (the hydrolytic en-
zymes) consist only of protein. In the first type
the coenzymes are the seat of the catalytic
activity. One coenzyme for which detailed geomet-
rical information (from a crystal-structure anal-
ysis"^) is available is the 5,6-dimethylbenzi-
midazolylcobamide (DBC) coenzyme. This is one
of a series of catalysts first recognized in the con-
version of glutamate to j8-methyl-aspartate in

certain bacteria. DBC coenzyme is closely related
to vitamin B12 but has an adenine nucleoside in

place of the cyanide group. Lenhert and Hodgkin"®
comment that "the geometrical relations (between
different molecules in the crystal) strongly sug-
gests easy pathways both for the formation of the
coenzyme from adenosine triphosphate and for its

possible intervention nucleic acid synthesis." In
the hydrolytic enzymes the specificity must reside

in a region of the protein molecule characterized
by a particular tertiary structure (i.e., arrange-
ment of the polypeptide chains). Detailed struc-

tural information of this kind is not yet available
for any enzymes, but the feasibility of obtaining
it has been demonstrated by the striking crystal-

lographic analyses of the globular proteins hemo-
globin and myoglobin by Perutz, Kendrew et al.^°

Despite the magnitude of the effort required it

should not be too long before crystallographic re-

sults make possible a detailed understanding of

biochemical catalysis on a molecular basis.^'^

All the X-ray methods described above are es-

sentially standard techniques in the sense that

they were developed, both theoretically and ex-

perimentally, for the solution of problems in sohd-
state physics and chemistry. Their application to

catalyst problems rests on the same theoretical

basis and uses the same experimental apparatus as
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do their applications to other problems. This lack

of isolation is a great advantage in practice be-

cause it means that the investigator of catalysts

can draw on experience gained in a number of dif-

ferent fields. In their turn the requirements of

catalj^st investigations have stimulated advances

in X-ra3^ techniques, principally in the areas of

low-angle scattering and absorption-edge analysis.
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CATALYSTS. See also Radial Distribution Analysis for Amor-

phous Materials.

CATALYSTS, PETROLEUM. See Petroleum Refining Quality

Control.

CATALYSTS. STRUCTURAL PROPERTIES (See also article by

F. H. Herbstein)

The serious study of catalysis began early in the

period of the development of the field of physical

chemistry and was very actively pursued after

such early achievements as the catalytic synthesis

of ammonia from nitrogen and hydrogen during

World War I, and the synthesis of methanol on a
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profitable commercial scale had convinced in-

dustry of the value of catalytic processes. Initially

there was very little background information

available upon which to base an understanding of

catalytic phenomena, and the early catalytic stud-

ies followed strictly empirical procedures. Labo-
rious chemical methods were employed to de-

termine the elemental composition and catalytic

activity of many materials. This procedure did

not provide any information about the physical

properties of the materials, but it did gradually

build up a store of other useful information and
experimental techniques. By 1930, many new tools

of catalytic research were being developed which
permitted a study of the physical properties of

solids, and these contributed significantly to the

study of catalysts. X-ray diffraction was one of

these new tools which proved to be very useful in

the development of commercially important cat-

alytic processes.

A great increase in the efforts devoted to the

development of new and improved catalysts was
experienced during World War II due to the

tremendous demands for high-octane fuel, syn-

thetic rubber, and other chemicals and products to

support the war effort. This emphasis on the de-
velopment and utihzation of catalytic processes

has been maintained since the war, and the great

progress made to date is excellently summarized
in two series of books^' ^ totaling 19 volumes.
The large number of references in these volumes

to applications of X-ray diffraction attests to the

importance of this tool in the development of

catalysts and for the understanding of the cat-

alytic mechanism. Hofer^ has reviewed the role

played by X-ray diffraction in the study of

Fischer-Tropsch catalysts, which are remarkable
for the number of inorganic compounds or crystal-

line phases involved in their formation, activa-

tion, and deactivation. These include the carbides,

nitrides, carbonitrides, oxides, and oxide hydrates
of many of the transition metals. X-ray diffraction

was indispensable for the characterization of the
active and inactive phases.

The relationship between the catalytic proper-
ties and the crystal structure of catalysts has been
investigated extensively. Gwathmey and co-work-
ers^ have observed very marked differences in the
catalytic activity of crystal faces which expose
different configurations of atoms at the surface of

large single crystals of the catalyst. They have
also found that within any one face of a crystal

there are regions which differ in activity, and
these differences appear to be due to imperfections
in the crystal. Other studies have also shown that
the properties of catalysts may be related to their

crystal structure, or to the spatial arrangement of

the atoms comprising the catalyst. X-ray diffrac-

tion provides a convenient analytical tool for de-
termining the crystalline phases and atomic dis-

tributions in solids, and as a result it has found a

variety of useful applications in the study of cat-

alysis.

A number of X-ray structural methods have
been employed in the study of catalysts. These in-

clude Bragg diffraction for the identification of
crystalline phases, line broadening for the determi-
nation of crystallite size, lattice constant measure-
ment to determine the composition of solid solu-
tions, small angle scattering for the measurement of
particle size, and absorption edge spectroscopy for
the study of phases which are not detectable by
Bragg diffraction. These techniques and their ap-
plication to the study of catalysts have been re-

viewed elsewhere.^' ° The present discussion will

be hmited to a consideration of some of the struc-
tural properties of catalysts, and to some examples
of the application of Bragg diffraction to the study
of these properties.

Catalysts in the active form usually are not well
crystallized and in many cases the active compo-
nent is amorphous, or so poorly crystallized that
it cannot be detected by X-ray diffraction even
when it is present in major- proportions. This has
seriously limited the usefulness of X-ray diffrac-

tion in the study of the active form of some cat-
alysts, but in recent years new approaches have
been used which are overcoming some of these
earlier limitations. X-ray diffraction analysis of
the precursors of the activated catalyst, as well as

a study of the transformations that occur as a re-

sult of heating at temperatures higher than that
used for normal calcination, have resulted in bet-
ter methods of control of catalyst preparations
and in better characterization of activated forms
that are poorly crystallized.

Catalytic substances are sometimes used in un-
supported bulk form, but in many cases they are
dispersed on a high surface area support, such as

SiOs , AI2O3 , or SiOs-AloOa . The unsupported forms
are the more hkely to be crystalhne and are more
easily studied by X-ray diffraction. The Fischer-
Tropsch catalysts are one example. Another ex-
ample is a dehydrogenation catalyst composed of

mixed nickel and tungsten sulfides, the prepara-
tion of which was described by Archibald and
Trimble.^ The active form consists of WS2 and
one or more nickel sulfide phases, depending upon
the pretreatment conditions. The Ni-S system and
the crystalline phases have been reviewed by
Kirkpatrick.^ The properties of the catalyst, i.e.,

its activity and selectivity, depend at least in part
upon the form of nickel sulfide present. By vary-
ing the pretreatment conditions and analyzing the
products by X-ray diffraction, determination of

the optimum conditions for the preparation of the
desired form of the catalyst is relatively straight-

forward.

It is often much less expensive to support a

catalyst material than to use it in the bulk form,
and the supported catalyst ma}^ be more satisfac-

tory for some processes. The cost advantage is il-

lustrated in the case of platinum catalysts. Bulk
platinum is prohibitively expensive for use in a

commercial process, but a ver.v good reforming
catalyst is obtained by supporting platinum in

concentrations of less than 1 per cent by weight
on AI2O3 . A significant feature of such catalysts is

that in the active form they tend to be so nearly
amorphous that little if any useful information
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concerning their structure can be obtained by

means of Bragg diffraction.

A more favorable situation is found with co-

precipitated CroOs-AloOs preparations which have

been studied extensive!}^ by X-ray diffraction as

well as by other methods.'-
'°' " The phase be-

havior was investigated as a function of Cr-Oa

concentration and calcination temperature. A cor-

relation was found'' between the observed phases

and the catalytic properties of samples calcined

at 500°C. At temperatures between 500 and

1400°C, and at CroOs concentrations in excess of

about 15 mole per cent, the samples were clearly

inhomogeneous and several different sohd solu-

tion phases were observed by X-ray diffraction. A
comparison of these X-ray results with the elec-

tron spin resonance spectra of the same samples

suggests that these two methods may be used

effectively in a complementary manner to study

the physical properties of supported catalysts that

are not well crystallized in the active form. Other

examples of the complementary use of X-ray dif-

fraction and other physical measurement are

shown in Selwood's studies^^ of the relationship

between the structure and the magnetic and cat-

alytic properties of catalytically active soHds.

In catalysts such as the reforming catalyst men-

tioned above, where the active form of the sup-

ported platinum or other metal is not detectable

by Bragg diffraction, it is found that the proper-

ties of the catalysts are critically dependent upon

the form of the ALOs support, and this in turn is

very sensitive to the method of preparation. Cat-

alytic aluminas as they exist in the activated state

are usually not well crystalHzed and their X-ray

diffraction patterns are not highly definitive, par-

ticularly when two or more forms are present in

a sample. For this reason. X-ray diffraction anal-

ysis of activated aluminas does not adequately

characterize structural features which may affect

significantly the properties of the catalysts ob-

tained when the metal component is added. How-
ever, the precursors of these activated aluminas

are the alumina hydrates, and these are clearly

distinguishable by X-ray diffraction. Furthermore,

exhaustive studies have led to an understanding

of the mechanisms by which they dehydrate.^^'
^*

An indirect method is thus provided for char-

acterizing activated aluminas. The hydrate phases

in the precursor alumina hydrate preparation, as

well as the dehydration paths which they follow

upon heating, are determined by X-ray diffraction

analysis. In practice, this usually provides a better

knowledge of the phase composition of an acti-

vated alumina than a direct analysis of the calcined

sample, and greatly increases the usefulness of X-
ray diffraction in the study of catalytic aluminas.

The contributions that X-ray studies have made
to the development of better catalysts and im-

proved catalytic processes are indicated by the

extensive literature on the subject. However, an

urgent need still exists for definitive information

concerning the structural features of many im-

portant types of catalysts that are difficult to

study by X-ray diffraction because of their high

surface area, small particles, and poorly crystalhzed

or amorphous state. More powerful methods are

being sought which will permit a more complete

characterization of their structure and the trans-

formations which they undergo during use. In this

short discussion, some examples were chosen to

illustrate how further progress may be made both

by X-ray diffraction methods alone, and by com-

bining less definitive X-ray results with other

measurements of the physical properties of cata-

lysts.
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CELLULOSE: CRYSTALLINE AND AMORPHOUS PHASES.

See Polymer Crystallinity Determination,

CELLULOSE: POLYMORPHIC AND MULTIPHASE STRUCTURES

The over-all picture of the structure of cellulose

is a complicated matter. It varies in degrees of

resolution from interatomic distances in the molec-

ular chain up to the fibrillar and fiber texture

observable by means of microscopy. Each method

of investigation adds a new piece of information

which partly is restricted in importance on ac-

count of the technique involved. Each method

thus introduces a certain amount of artifacts to

be taken into consideration when the whole true

structure picture is to be visualized.

X-ray techniques cover the ranges of resolution

from interatomic distances (1-50A) up to the

micellar texture (50-500A).

This article primarily concerns the information

which at present can be given by evaluation of the

recorded X-ray data for different cellulose speci-
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ANHYDRO CELLOBIOSE UNIT

Fig. 1. The cellulose chain structure. A: The monomer unit. B: the cross section required
by the chain in native cellulose. C: The cellobiose unit and the twofold screw axis.

mens, and it is not intended to give a complete
literature survey of the field. For further informa-
tion some of the well-known textbooks are there-
fore recommended.!-^
Conformation of Cellulose Chain Mole-

cules. It is fairly well proved chemically that
the cellulose polymer molecule for the main part
is built up of a number of n = DP* anhydro-D-glu-
cose units of =5A lengths, joined together in a

* DP = Degree of Polymerization.

chain by means of /3-glucosidic linkages consisting

of oxygen bridges between the first and the fourth
carbon atom of the successive p3'ranose rings (Fig.

lA). The extended chain molecule from a native
cellulose of a DP = 3000 should thus be able to

cover a length of maximally 15000A (= 1.5m or

0.0015 mm). The average cross section required by
the molecule can be estimated from generally

known physicochemical structure data, and
amounts to «32A2, (Fig. IB)
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e.g. « (5.7 X 6.0)A2 for Cellulose I

e.g. « (7.3 X 4.45)A2 for Cellulose II

According to Meyer and co-workers, ^""^ the X-ra}^

data obtained from diffraction patterns (fiber dia-

grams) of highly oriented and well-ordered

("crystalline") native cellulose samples can be

given an approximately adequate interpretation

by postulating a molecular chain having a two-

fold screw axis and a repetition period of 10.3A in

the chain direction. Meyer andMisch,^. ^ therefore,

proposed a chain in which the successive pyranose

rings alternatively are turned upside-up and up-

side-down around the main length axis. In this

way two anhydroglucose subunits are combined

in an anhydrocellobiose unit within the repetition

period. Keeping the mobile Ce-oxygen atoms in

identical positions with respect to the pyranose

rings, the whole chain when rotated axially 180°

and translated H of the repetition period in the

chain direction, will re-enter its original configura-

tion. Taking known chemical bond lengths and

valence angles into consideration, and preferring

the chair form of the pyranose ring, the Meyer-

Misch chain, in accordance with Hassel and

Ottars and Bj0rnhaug, Ellefsen and T0nnesen9,

may schematically be drawn as presented in Fig.

IC. This represents one way of solving the molecu-

lar structure problem if the diagonal screw axis

symmetry is to be maintained with the chain.

However, the Meyer-Misch chain has some obvious

deficiencies which may be characterized as fol-

lows :9

(a) The distance between the Ci- and Ci-hydro-

gen atoms at the ends of the ^-glucosidic oxygen

bridges is only «1.7A, which is definitely less than

required for the sum of the van der Waals' radii

of two hydrogen atoms.

(b) The distances between the C2-oxygen atom

of one ring and the Ce-atom of the neighboring

ring, as well as the distances between the C2-

oxygen atom and the Ce-hydcogen atoms, are also

too short when compared with the respectively

permitted sums of the van der Waals' radii.

(c) The evaluation of X-ray data obtained by

Norman' for ramie and fortisan seems to indicate

a closer proximity of the bulk of the C- and O-

atoms to the main length axis, than that given by

the relatively spacious Meyer-Misch chain.

(d) The Meyer-Misch chain does not clearly in-

dicate the possibility of oxygen atoms of successive

rings being involved in mutual hydrogen bonding.

Lately new interest, therefore, has been concen-

trated on the steric conditions governing the

molecular space arrangement related to the ^-glu-

cosidic bond. On account of a recent X-ray investi-

gation of crystalline cellobiose Lipscomb^i has in-

dicated slight deviations from the Meyer-Misch

chain concept to be possible, e.g., for molecules of

regenerated cellulose. Previously both Peirce^^ and

Hermans, et al}^ have advocated similar view-

points. It should finally be mentioned that quite

recently Ellis and Warwicker^* suggested a chain

configuration 7iot fulfilling the claim of a twofold

screw axis.

X-ray Amorphous Cellulose. When native

or mercerized celluloses are ground in a vibratory

ball mill, it can be demonstrated that both types

of cellulose will give very nearly the same diffuse

X-ray diffraction pattern as that presented by the

intensity curve in Fig. 2}^ The intensity curve of

the diffuse diagram can'^ be converted by means of

a one-dimensional Fourier-synthesis into the cor-

responding radial distribution curve (7(r) -given in

Fig. 3. This curve clearly indicates high numbers

of intra- and intermolecular atomic distances in

the ranges of 5 and lOA. Similar o-(r) -curves can

be deduced from the diffraction patterns of un-

oriented, predominantly X-ray amorphous re-

generated cellulose specimens. ^ Also in this case

I

600

U^^^

Fig. 2. Normahzed intensity curve of X-ray amorphous cellulose (A). Theoretical back-

ground (B). Incoherent scattermg (C).
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a(r)

I'iG. 3. a (r)-curve of X-ray amorphous cellulose computed from the intensity data
Fig. 2.

high abundances of interatomic distances in the
ranges of 5 and lOA are present.

However, theoretical o-(r) -curves synthesized
on the basis of the Meyer-Misch chain model addi-

tionally give a very pronounced maximum in the
7A range. In order to try to explain this discrep-

ancy, rotations of up to 90° of the planes of every
second pyranose ring may be introduced, thereby
maintaining the repetition period of 10.3 A, but
relinquishing the twofold screw axis of the Meyer-
Misch chain.

Such rotations can be shown to diminish the 7A
maximum; and the highest rotation of 90° even
completely extinguishes this maximum in the
theoretical o-(r) -curve. This fact seems to be a

valuable indication to the effect that the relative

spatial arrangement of the successive pyranose
rings of chain molecules in predominantly X-ray
amorphous cellulose specimens, is not necessarily

the same as the arrangement predicted by the
Meyer-Misch model. ^ It cannot be concluded,
however, that mutual rotations of the pyranose
rings represent the only solution for the chains in

amorphous cellulose, or that such rotations also

exist in the "crystalline" parts of the cellulose

specimen. The concept of "amorphous" cellulose

in samples containing both "crystalline" and
"amorphous" regions is a very much debated
topic which is not yet clearl}^ understood or agreed
upon with respect to structural interpretation. ^-^

On the other hand, the concept of (totalljO "X-ra}^
amorphous" cellulose by definition can be re-

garded as the limit of disorder which may be
recorded in a cellulose specimen hy means of the
X-ray techniques referred to. This limit is set by
the characteristic shape of the intensity curve
presented in Fig. 2.

A further deduction of the main shape of the

o-(r) -curves for highly X-ray amorphous cellu-

loses seems to indicate that the molecular chains
in the lateral directions are stacked similar to an
irregular packing of rods of a diameter of «5A,
gradually exhibiting increasing stacking disorder

at consecutive lateral distances of 5.3-9.7-13.9 and
18.lA from an arbitrarily located center rod
(chain). 9 This lateral disorder is probably ac-

companied by the previously mentioned rotational

or otherwise deviative disorder along the chains,

without seriously affecting the general extension
of the molecules within considerable lengths, e.g.,

up to lOOA.

On the other hand, it can be pointed out that
certain mutual rotations of the p^^ranose rings

may very well be able to lead to the formation of

loops in the chain molecule, especiallj^ in the dis-

ordered regions. With good allowance for the
nonviolation of the van der Waals' radii require-

ments, such loops consisting of 4 anhydroglucose
units may permit a 180° turn-back of the cellulose

chain into the opposite direction. This aspect has
been discussed recently b}^ two of the authors in a

short note^^ concerning the possibility of chain
folding taking place at the ends of cellulose

crystallites. Ranby has further discussed this

possibility on account of experimental results ob-

tained with regenerated cellulose crystallized un-
der strictly controlled hydrolj^sis conditions from
a cellulose acetate solution,^'' and Manley has

reported experiments which also seem to be in

favor of the chain-folding theory. ^^

The fact that X-ray amorphous cellulose upon
storage at high relative humidity, or treatment
with water, or high pressure and water, again

crystallizes,^^ is not contradictory to the chain-

folding possibility.

As a conclusion, X-ray amorphous cellulose may
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be stated to be a readily available, but unstable

form of cellulose. As the limit of a disordered cellu-

lose modification which may be recorded by usual

X-ray techniques, it can serve as a good basis for

the ifurther exploration of order/disorder phe-

nomena in different types of cellulose.

Modifications of Cellulose as Indicated by

X-ray Investigations. When the unit cell struc-

tures'of the different polymorphic forms of cellu-

lose are under discussion, there is one point which

immediately should be emphasized for readers in

this field. The dimensions of the unit cell are in-

dicated by the o-axis, 6-axis (fiber axis), c-axis,

and the angle /3 being the one between the a- and

c-axis, which are both perpendicular to the

6-axis. Starting with the unit cell of Meyer and

Misch«' ^ unfortunately most scientists working

with X-ray crystallographic investigations of cel-

lulose have followed the Meyer and Misch con-

vention, letting the c-axis run in the opposite

direction of what is generally accepted in crystal-

lography. Thus, the true values of the real ^-angles

should in fact be the supplementary ones to those

generally found in the cellulose literature. To
quote Woods^^ who recently mentioned this fact

:

''Unfortunately Meyer and Misch's unit cell has

been so widely publicized and accepted that there

is little hope now of enforcing this convention in

this particular case. To attempt to do so would

only add to the confusion which already exists in

the^ use of the Miller indices of the paratropic

planes in the crystal (the indices of the (101) and

the (101) planes would be interchanged), and would

worsen the already serious position which has been

allowed to develop in connection with the descrip-

tion of the kind of hydrogen bonding which is

present in cellulose."

In this discussion we will accordingly continue

to use the Meyer and Misch convention with

respect to the /3-angle. The following polymorphic

modifications of cellulose will be discussed: Cellu-

lose I (native form). Cellulose II (mercerized or

regenerated form), Cellulose III (obtained after

swelling of cellulose in liquid ammonia), and

Cellulose IV (high-temperature cellulose). In ad-

dition, a recently reported form designated Cellu-

lose X will also be mentioned.

Cellulose I. As Cellulose I is the modification

which occurs in the native forms, including cotton,

ramie, wood and most of the wood pulps, it repre-

sents the cellulose type on which the main empha-

sis in X-ray research has been concentrated.

Nishikawa and Ono,2o in 1913 were the first ones

to confirm the crystallinity of cellulose by demon-

strating that the X-ray diagram contains diffrac-

tion rings and spots. They found that when X-ray

radiation was applied perpendicular to the fiber

axis of organic fibers, such as wood and bamboo,

interference patterns of great similarity were ob-

tained. On this basis they assumed that all sub-

stances giving "fiber patterns" of this kind

consist of small crystallites which are oriented

parallel to the fiber axis.

The first systematic investigations on the

crystalline structure of cellulose were carried out

by Herzog and Jancke.^i In their first paper they

were able to demonstrate that cellulose from dif-

ferent materials (cotton, ramie and wood) gives

the same type of X-ray diffraction diagrams. They

used for their investigations the technique which

was developed by Debye and Scherrer for X-ray

studies of crystalline powders. Herzog and Jancke

also found that cellulose of artificial silk and films

regenerated from viscose solutions has X-ray

diagrams differing from that of native cellulose.

From fiber diagrams of ramie these authors were

the first to prove that cellulose crystallites really

are oriented parallel to the fiber axis. On the basis

of these results Polanyi22 was able to develop a

fundamental theory for the fiber diagram leading

to the calculation of a rhombic elementary cell for

native cellulose.

From the dimensions and the calculated volume

of the elementary cell it was concluded that it con-

tained 4 glucose units. So far, no definite structure

model with the exact positions of the cellulose

chains in the lattice, had been put forward. The

general development in X-ray techniques which

resulted from the works of W. H. Bragg and W. L.

Bragg gave, however, new knowledge about

molecular structures, both of inorganic and or-

ganic compounds. By means of interatomic dis-

tances obtained in this way, and based on the

glucose formula put forward by Haworth^^,

Sponsler and Dore from their own X-ray investi-

gations24 were able to suggest the first complete

model of the cellulose chains in the lattice. By
means of a trial-and-error method the intensities

of theoretical models were calculated, and com-

pared with the results from the experimentally

measured X-ray diagrams.

This technique has also been applied in many

other structure investigations in this field. In the

following years a series of investigations by Meyer

and Mark) Meyer and Misch, 6- ^ and Andress^^ led

to a monoclinic unit cell having the axis: a =

8.35A, 6 = 10.3A, c = 7.9A, and the angle /3 = 84°.

This type of unit cell is presented in Fig. 4 where,

however, the data in the figure are based upon

recently obtained X-ray diagrams of highly

crystalline samples.^^ It is seen from the figure

that the unit cell contains 4 anhydroglucose units

or glucopyranose units per cell, and it is also in-

dicated that the corner chains are running in the

opposite direction of the chain in the center of the

cell. Meyer and Misch based this assumption on

statistical reasons in connection with observations

made by Burgeni and Kratky" who found that

Cellulose II in form of artificial silk precipitated

from cellulose solutions had the same structure as

the types of Cellulose II one gets from treatment

of native cellulose with sodium hydroxide. They

reasoned that it was very unlikely that cellulose

by precipitation from a solution should have a

crystalline structure where all cellulose chains

were running in the same direction.

It should be emphasized in this connection that

the existence of a random distribution of upward

and downward chains in the lattice, or the simul-

taneous presence in each fiber of crystallites where
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all chains run upward and others where all chains
run downward, cannot be excluded on the basis

of existing data.^s

The structure of the Cellulose I unit cell has
further been confirmed b}^ Gross and Clark^^ and
is even today generally accepted. However, the
model cannot be exactly correct. It should only in

this connection be added that the complete pic-

ture of the details in the structure of the molecular
chains in the different cellulose modifications will

probably only be found when the different types of

X-ray techniques are supplied with other kinds
of physical measurements, above all, infrared
spectroscopy. 3°' ^^

Finall}^ it should be emphasized that Honio and
Watanabe,^2 on the basis of electron diffraction

investigations on valonia, claim that the high
number of "reflections" they observed can only
be indexed if the a- and c-axis of the Meyer and
Misch cell are doubled. As mentioned previously,
Ellis and Warwicker^^ also have suggested a new
approach to the structure problem of the chain
arrangement of Cellulose I. In their paper a pre-
liminary survey is given of the possibility of

abandoning the assumption of a twofold screw
axis and of employing a larger unit cell.

Cellulose II. Treatment of native cellulose

(Cellulose I) with alkali of sufficient strength
(NaOH between 8 and 10 per cent) and a subse-
quent removal of the alkali by washing, leads to a
type of cellulose having another crj^stalline modi-
fication as judged by the X-ray diagram. This type
of cellulose, often referred to as mercerized cellu-

lose, was previously called hydrate cellulose, and
is now designated Cellulose II. It should be
emphasized that the structures of Cellulose I and
II must be related in such a way that it must be
possible to pass from one to the other without com-
plete destruction of the crystallites. The struc-
tural relationship between the Cellulose I and
Cellulose II unit cells gains even more importance
when it is remembered that the Cellulose II
modification is obtained by regeneration of cellu-

lose molecules from different solutions of cellulose
and cellulose derivatives, where it must be as-

sumed that the single molecules have been dis-

persed in complete solution.

By regeneration it may therefore be very prob-
able that the chains are not all ordered in the same
direction, but that random distribution of chains
in both directions is obtained. This was, as men-
tioned above, the reason for the assumption of
chains running in opposite directions in the
Cellulose I lattice.

The relationship between the structures of

Cellulose I and Cellulose II is illustrated by Fig. 4.

From the figure it is seen that the elementary cell

of Cellulose II which was first determined by An-
dress,25 Burgeny and Kratky,^^ and Meyer et al.,^^

is different from Cellulose I in the following re-

spects: The a-axis is decreased to 8.02A, whereas
the c-axis is increased to 9.03A, and the ,S-angle is

diminished to 62.8°.26 it may further be seen that
the glucopyranose units are twisted about 30°

around the 6-axis, so that hydrogen bonding may

(A)

« 8. 20A

" 10.30A

« 7 . 9 A

- 83.3"

8.02A

10.30A

9. 03A

62. b"

MERCERIZED

Fig. 4. View in the direction of the t»-axis of the
unit cell of native cellulose, (Cell. I), (A) and
mercerized cellulose (Cell. II), (B), Data from
refs. 26 and 51.

take place in the diagonal direction. The hydrogen
bonds may thus link the chains together into
sheets parallel to the (101) planes.
Due to the newly developed infrared techniques

the whole problem of hydrogen bonding in the dif-

ferent modifications of cellulose is under revision,
and interested readers will find new information
in other textbooks. =*"• ^i

In connection with the manufacture of certain
types of high-grade rayon and acetate-grade wood
pulps, it is sometimes found that the ready-made
pulps contain a mixture of the Cellulose I and
Cellulose II structures. Therefore different meth-
ods have been suggested for the determination of
the ratio Cellulose I/Cellulose II. i^. 34, 35

In Fig. 5 it is seen how the diffraction diagrams
change from Cellulose I to Cellulose II when mix-
tures of these two compounds have been made,
and the X-ray diagrams recorded. Obviously, a

rough estimate of the ratio may be obtained by
such series of diffraction diagrams.!^ On the other
hand the ratio may be determined mathematically
by using the measured intensities at the dift'raction

angle where the transition between the two cellu-

lose modifications is most distinctly indicated.
From the figure it is seen that the diffraction

angle of 2d = 15° obviously is the best fitted. The
measured intensity Im at i5° of a mixed sample is

related to the intensities /i and I2 of the native
and mercerized components respectively, through
the equation:

Im = i--/i + (1 .r)/o

where x denotes the fractional ratio of the native
component in the mixture.
Cellulose III. Swelling of cellulose with licjuid

ammonia and subsequent decomposition of the

swelled compound have been studied. This is re-

ported to lead to formation of different cellulose

modifications depending upon the conditions
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Fig. 5. Diffraction diagrams of laboratory-prepared mixtures of native and mercerized

acetate grade wood pulp.

Table 1. Unit Cell Dimensions of Polymor-

phic Forms of Cellulose.

a-axis

6-axis

c-axis

f3

Cell. I^

8. 20A
10.30A
7. 90A

83.3°

Cell. IP

8. 02A
10.30A
9. 03A
62.8°

Cell. Hit

7. 74A
10.30A
9. 90A

58°

Cell. IV*
Cell. X

8.12A
10.30A
7. 99A

90°

* Values from Ref. (^')
.

t Values from Ref. (^) p. 243.

used. 3^"*° One of these modifications is known as

Cellulose III,* the X-ray diagram of which indi-

cates that the plane of the anhydroglucose unit is

markedly twisted out of the a-6-planes, very

* This modification was first designated Cellulose

II because of the fact that Cellulose II at that

time was referred to as hydrate cellulose.

similar to Cellulose II. Bary and co-workers^e and

Legrand^o have suggested a structure for Cellulose

III quite similar to that of Cellulose II (see Table

So far, the Cellulose III modification which can

also be obtained by swelling with some anhydrous

primary alkyl amines,"- ^^ is the one to which the

smallest attention has been paid, probably be-

cause it is not appearing in connection with the

manufacture of rayon pulps. This does not mean,

however, that this type of cellulose may not prove

to be of interest in the future.

Cellulose IV. This modification of cellulose has

gained some interest from a technical point of

view as it is sometimes produced during the hot

alkali stage of rayon pulps, which have had a cold

alkali mercerizing pretreatment. It was first

found by Meyer and Badenhuizen^^ ^nd confirmed

by Kubo and Kanamaru^^ that when highly

stretched rayon (Cellulose II) is heated at tem-
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peratures between 140 and 300°C in water under
pressvire, or in glycerol, the crystal form is en-

tirely converted to the Cellulose IV modification.

Originall}^ this modification was believed to be

identical with the Cellulose I, as judged from the

X-ray data. However, it was later established that

it was in fact a new cellulose modification which
had been found. *^-^^ This modification, which very

often has been referred to as high-temperature

cellulose or Cellulose T, is now normally desig-

nated Cellulose IV, and its unit cell dimensions

are given in Table 1. As is seen from the table the

dimensions are very nearly the same as for Cellu-

lose I, except that the |S-angle is approximately
90°. As a consequence of this the (101) and (lOT)

reflections overlap in the diffraction diagrams (see

Fig. 6).

It has more lately been demonstrated that not

only Cellulose II but also samples of Cellulose I

may readily be transformed into the Cellulose IV
modification by high-temperature treatment in

sodium hydroxide or in glycerol. ^^' ^s. 49

Cellulose X. A new type of cellulose des-

ignated so far Cellulose x has recently been
reported. As judged from its diffraction diagram,

Cellulose X is distinctly different from the hith-

erto known modifications of cellulose (see Fig.

6). The new type of cellulose has been found in

precipitates after treatment of cotton and wood
pulp, either with strong hydrochloric acid (40.3

per cent) or with strong phosphoric acid (85 per

Cent).26. 50. 51, 52

On the basis of the main reflections available

from this cellulose modification the authors have
proposed different structure alternatives, of which
a unit cell identical with Cellulose IV, but having
another chain arrangement, now seems to be the

most probable one.^^

In this structure alternative, the strong (Oil)

and (020) reflections corresponding to lattice

planes intersecting the chain axis would require a

rather strict ordering of the cellulose chains with
respect to each other along the chain axis in the

crystalline lattice. Calculations have proved that

reflections of the observed intensities may be ob-

tained if a shift occurs along the chain axis of the

cellulose chains, compared to the positions ordi-

narily adopted in the unit cells of Cellulose I, II

and IV. In these the pyranose rings of the central

chain in the unit cell (running in the opposite di-

rection to the corner chains) is displaced half a

glucose unit referred to those of the corner chains.

Thus the most interesting feature about this

new type of cellulose is perhaps the light it throws
upon the different possibilities of chain arrange-

ments in the unit cells—a problem which is

definitely not solved in any of the cellulose struc-

tures known so far. And it maj^ further be that

observations of this kind may also have a certain

bearing upon the theory that a chain folding may
be possible in cellulose. ^^' ^^' ^^

It may be of interest to summarize the possible

transitions between the known different forms of

crystalline cellulose. This has been done schemat-
ically in Fig. 7. It is interesting to see that it is

only Cellulose III which ma}' be transformed back

Fig. 6. Comparison of the diffraction diagrams
of cellulose I, II, IV and x.

Fig. 7. Reported transition possibilities between
the different crystalline X-ray forms of cellulose.

to normal native Cellulose I.^s This has so far not
been achieved with the modifications II, IV, and x.

Degree of Amorphity. X-ray diagrams of un-
oriented cellulose specimens maj^ indicate the

presence of one, or a mixture of two or more of the

above-mentioned modifications. In addition, the

X-ray diagram can also give some information

with respect to the degree of order (disorder) of

the intra- and intermolecular spatial arrangements
of interatomic distances within average space vol-

umes of say lOOOA^ (usual techniques) and 2.5 X
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Fig. 8. Two different ways of estimating the

amorphous contribution to X-ray diagrams of cel-

hilose. (A) Hermans et al.^'-"' (B) Ellefsen et al}^

lO^A^ (Guinier, and other special X-ray tech-

niques)* of the specimen.

Generally speaking, a sharp ring pattern giving

rise to distinct peaks of narrow widths in the re-

corded intensity curve indicates a high degree of

order, whereas a diffuse ring pattern can be taken

as a sign of high disorder. For a more quantitative

interpretation of the diagram, several ways have

been tried.

Ant-Wuorinen'^3, 54 expresses in numbers a

crystallinity index ("CrI") which cannot be given

any direct physical interpretation, but which on

the other hand allows for a fairly accurate relative

classification of the single members of a series of

X-ray diagrams and the corresponding cellulose

specimens, e.g., according to their degree of

increasing order ("crystallinity").

Other attempts have been made by Norman and

Gj0nnes'^'^' ^^ in order to use the increase in line

breadth, as well as the profile of the peaks of the

* Not to be confused with X-ray irradiated part

of specimen which amounts to 10'°-10^A^.

intensity curve as a measure of order/disorder

phenomena in cellulose. According to their opin-

ion, the whole shape of the X-ray diffractogram

may be explained by assuming certain variations

in the degree of disorder within an imperfect cellu-

lose crystallite, this leaving little or no room for

real amorphous cellulose.

Hermans and Weidinger, in their original in-

vestigations in this field"- "o introduced a rela-

tively flat background (curve) to be subtracted

from the diffraction curve as a measure for the

amorphous part of the specimen, thereby letting

the remaining area (with corrections) represent

the crystalline fraction. (See Fig. 8A.)

Having obtained the curve for so-called "X-ray

amorphous" cellulose described in Fig. 2, Ellef-

sen et al}^ made a new approach to the X-ray

determination of the degree of amorphity. This

approach essentially differs from Hermans' in that

a broad peak is obtained in the amorphous pat-

tern, underneath and in the neighborhood of the

(101) (lOT) and (002) reflections of "Crystalline"

cellulose (I & II). (See Fig. SB.)

Hermans' method therefore always must give a

higher degree of "crystallinity" than the last

method which gives a maximum "degree of

amorphity." Recently, Hermans and Weidinger"

have also discussed the possibility of a peak in the

amorphous curve in connection with crystallinity

determinations of Cellulose II.

However, all the methods mentioned are in

themselves reproducible, but they will give differ-

ent values of crystallinity or amorphity. They are

all to be considered as attempts in the direction of

evaluating qualitatively and quantitatively the

very complex properties of cellulosic materials.

With more or less success these methods have also

been correlated with other techniques, as infrared

methods and chemical accessibility methods.

Most probably it is a combination of X-ray tech-

niques and the other methods mentioned which

in the future will perhaps give the correct picture

of the order distribution, «2 rather than a single

number for crystallinity or amorphity.

The Multiphase Structure of Cellulose. A
cellulose fiber is a polycrystalline aggregate con-

sisting of small crystal regions separated by

amorphous or intercrystalline regions. In this

connection two terms generally found in the litera-

ture should be mentioned: micelle and crystallite.

The term micelle is used to designate a definite

concept of a crystalline region having distinct

boundaries. The term crystallite is used without

connoting any particular size, shape or nature of

the boundaries between crystalline regions.

As a thorough discussion of the different theories

put forward to explain the multiphase structure of

cellulose is beyond the scope of this article, gen-

eral references are given to the previously men-

tioned textbooks. 1-^

From width measurements of the (101), (101)

and (OkO) reflections it has been concluded that

the [OkO] direction (6- or fiberlength-direction) is

more extensively ordered than the lateral [101] and

[101] directions. «3' "^ On the basis of such measure-
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ments cross-section dimensions of 50 to lOOA and a
length of about 600A were suggested as reasonable
values for the micelles of ramie. (Fig. 9.) A survey
over the X-ray investigations in this field up to
1937 was covered in an article by Kratky and
Mark.^^ From that year on real progress was made
by means of the "small angle scattering X-ray
technique." The pioneering investigations of
Guinier, Kratky, Hosemann and others should in
this case be mentioned."^' ^•'•'^

The diffuse blackening of the film which occurs
in the low-angle scattering area indicates that the
dimensions of the micelles vary very significantly
around the average values. Orientation effects in
the diffuse blackening further show that the length
of the micelle is considerably greater than its

cross-section dimensions, and the position of the
maximum blackening intensity corresponds to a
micelle thickness of 50 to 60A, which is in agree-
ment with the previously reported results. ^^

Later Heyn^o ^^gg^ Kratky's technique and
carried out small angle scattering measurements
on different types of celluloses. The average thick-
nesses were for hemp 44A, flax 51A, jute 55A,
ramie 68A, rayon 73A and cotton 146A. From the
scattering diagrams of the three first-mentioned
specimens it could be concluded that the micelles
were oriented almost perfectly parallel to the
fiber axes.

Wardrop^i made some investigations by means
of the technique of Hengstenberg and Mark^^ and
determined the width of the micelles of cambium
fibers from Pinus sylvestris to be 18A. When these
fibers were extracted with dilute hydrochloric
acid the width increased to 26A, and even an in-
crease in the length of the micelles was observed.
These effects indicated that some amorphous ma-
terial had been removed from the ends and the
outer parts of the micelles during the extraction,
thus giving a better orientation of the cellulose
chains in these parts of the micelles.

Small-angle scattering was applied by Hermans
and co-workers72. 73 q^ ramie and 25 different
samples of highly orientated rayons both in air-dry
and water-swollen states. Using the theor}^ put
forward by Kratky and Porod^^. 75 values of 40A
and 60A were found for dry and sw^ollen fibers

respectively.

Improved theories and techniques by the above-
mentioned authors brought about the first con-
clusive X-ray evidence with respect to the la-

mellar and band-structure of the micelles in native
cellulose. This was presented by Kratky and
Sembach,7 6 ^j^o for these experiments used the
micellar cellulose powder obtained by Ranby^'^- ^s

from partial acid hydrolyses. The results gave
values of 32A for the thickness and 93A for the
width of these micelles.

To sum up, according to Kratky, the cellulose is

built up of crystalline and amorphous regions of

colloidal dimensions. Both these regions consist
of more or less stretched chain molecules; a good
lattice order is, however, only found in the mi-
celles. In both regions the degree of order may
show important variations, and the borderline be-

FiG. 9. The cellulose micelle as built up by 160
cellulose chains (Cell. I).

tween the crystalline and amorphous parts is not
always distinct. As the chain length of the cellu-
lose molecules may be at least 30 times the length
of the micelles, the chains must according to this
picture, run through several crystalline and non-
crystalline regions. (This need not be so if a
chain folding is occurring!^).

The picture summarized by Kratky should fi-

nally be completed with some recent observa-
tions by Hermans et alJ^'^\ demonstrating that
dry cellulose, in addition to the crystalline and
amorphous regions, also contains micro-voids
amounting to 0.75 per cent of the total volume.
These voids give, because of their size (<300A),
small-angle scattering in the same range as cellu-
lose, and this may be of importance for the inter-
pretation of the intensity curves obtained by the
small-angle scattering technique.
When cellulose specimens are treated with sul-

furic or hydrochloric acid a sharpening of the
X-ray diagrams takes place, together with the
formation of crystalline particles which can be
observed and measured out in the electron micro-
scope. It is an open question, of course, if these
particles exactly represent the original micelles
present in the cellulose specimen before hydrolysis.
They may perhaps represent the nuclei of the
original micelles, which upon hydrolytic treat-
ment, e.g., through chain cutting at the ends of
the micelles, have gained a better opportunity of
forming more perfectly crystalline particles. Good
agreement, however, has been reported by More-
head^^ between electron microscopic length
measurements and the viscosity values for identi-
cal specimens. Cross-section dimensions also
fairly well confirm the results obtained by X-ray
methods.
Not only the dimensions but also the orientation

of the crystalline regions in cellulose fibers may be
revealed and determined by X-ray techniques.
This was mentioned previously^" in connection
with small-angle scattering, but it was alread}'

demonstrated by Sisson and Clark^^ b}^ means of

wide-angle scattering. Kratky has later improved
the measuring technique, and a survey- in this

particular field has been given by him.^^

Conclusion. There are other applications of

X-rays that have not yet been mentioned. One is

the small-angle scattering on cellulose in solutions.

As most of these investigations have been carried
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out on cellulose derivatives, they will not be re-

ferred to here. A detailed theory for the small

angle scattering of macromolecules in solution has

very recently been published.s^ Another field

which should also be emphasized is orientation

measurements of cellulose fibers in sheet form.^e. "
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CELLULOSE. See also Pulp and Paper Applications of
X-Ray Techniques.

CELLULOSE SHEETS. See Orientation of Crystalline Mate-
rial in Sheets, Especially Paper.

CEMENT INDUSTRY: X-RAY SPECTROGRAPHY

Portland cement is manufactured by passing a
finely ground mixture of calcareous and argil-

laceous raw materials through a kiln, then grinding
the resultant clinker with gypsum. Although speed
is not usually required in either the analysis of the
initial raw materials or the final product, faster
analyses may lead to important economies. The
raw mixes that are fed into the kiln, however, re-
quire more rapid analytical methods. Many older
plants employ a somewhat batchwise operation
that requires analyses approximately every two to
four hours, the usual time of an ordinary rapid wet
chemical analysis for major components.
Modernization of older plants and construction

of new ones has created process equipment which
is able to utilize more rapid analytical methods for
closer control of the raw mixes. X-ray spectrog-
raphy has been used since 1956 to provide more
frequent analyses and was used early in the 1960 's

for continuous on-line analysis.

The materials to be analyzed are solids of vary-
ing particle size. Accurate sampling is required,
but it is difficult to achieve with such sohds. A
usual installation continuously samples a portion
of the raw mix stream with a rotary vane or sam-

pling screw. This sample may be fed directly into

the X-ray sample holder, or a portion may be
taken for individual determinations.

Powder samples were used in the first X-ray in-

stallation in a cement plant .^ Similar powder speci-

mens, pressed into the spectrograph sample holder
or placed there after briquetting under pressure,

have been used by others in this country, Ger-
many^ and Japan .^' * ^ All continuous on-hne ana-
lyzers have utilized a powder sample pressed
mechanically into the sample holder.

The reported results with these powder samples
have indicated that, although rapid analyses are

possible, precision and accuracy are not outstand-
ing. Claisse* and others have pointed out the diffi-

culties due to particle size and mineralogical differ-

ences caused by the use of powder samples. Further
grinding of the sample to obtain a more uniform
particle size has improved the -results obtained at

many plants.

To avoid the particle size and mineralogical ef-

fects, Andermann and co-workers^' ®' ® suggested
fusion of the sample with a lithium tetraborate

flux. Both raw mixes and finished cements can be
fused in this manner. Although this fusion increases

the time for an X-ray analysis, many plants re-

quire the increased accuracy and precision that

results.

Interelement or matrix effects can also cause
errors of considerable magnitude in the analytical

results for raw material, raw mix and cement. The
elements present in these substances are both close

together and low in atomic number. The low
atomic-numbered elements have required the use
of helium or vacuum instrumentation. Since ele-

ments of similar atomic number absorb or enhance
each other's radiation, the use of the direct inten-

sities of the X-ray radiations of the cement ele-

ments of similar atomic number absorb or enhance
each other's radiation, the use of the direct inten-

sities of the X-ray radiations of the cement ele-

ments may lead to errors of large magnitude. A
usual technique has been to compare the intensi-

ties of the sample elements to those of standards.
Satisfactory results for individual cement plants
are often achieved, but the determination of sam-
ples from different sources has not always produced
accurate analyses. A more elaborate technique in-

volves the determination of mathematical formulas
for the calculation of correction factors. These cor-

rection factors compensate for the effects of one
element or another, and have been described by
Andermann and Allen^ (e.g., a correction for the
effect of calcium on iron radiation), Meyer^° and
others.

Even though tungsten target tubes have been
used in most X-ray installations, chromium targets
are increasing in popularity because they excite

greater fluorescent X-ray intensities for many of

the lighter elements in cement. Schloemer^ was
among the first to use a chromium tube for cement
analyses.

Although reported accuracies indicate a wide
variance between laboratories (possibly due to in-

accuracies in the wet-chemical determination of

the composition of the standards and reported
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samples), the best work so far would suggest errors

of approximately 1 per cent or less for the major

components in cement (CaO, FeoOs ,
AI2O3

,
S1O2

and possibb' MgO).
In addition to the use of X-ray spectrography

for the analysis of cement components, Kester"

has described how X-rays may be used to solve

other plant problems. Using added tracers of chro-

mium and zirconium, elements not present in large

amounts in cement, the retention time of ma-

terials in the mills or kilns may be found. Blendmg

rates of either wet or dry homogenizing systems

can be determined. The evaluation of exploration

drill-core samples is speeded by the use of X-ray

analysis.
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CENTROID METHOD FOR ASYMMETRIC DIFFRACTOM-

ETERS. See Parameters of Crystal Lattices III.

CERIC-CEROUS DOSIMETER. See Dosimetry, Chemical.

CHARACTERISTIC X-RAYS See Production of X-Rays.

CHELATE COMPOUNDS, METAL IDENTIFICATION AND

STRUCTURES BY X-RAY DIFFRACTION

Metal chelates comprise a large group of organic

heterocyclic compounds, the molecular structure of

which is characterized by the presence of one or

more metal-containing rings. A number of such

compounds (chlorophyll, hemoglobin) are of vital

biological importance while others (for example,

the phthalocyanines and metal complexes of azo

dyes) have commercial value .^'

"

134

There have been three general areas of apphca-

tion of X-ray diffraction to metal chelate chem-

istry: (a) the qualitative identification of specific

chelate compounds, (b) the identification of or-

ganic or inorganic precursors used in the prepara-

tion of metal chelates, and (c) crystal and molecu-

lar structure studies.

Identification of Metal Chelates. As is true

of many crystalline substances. X-ray powder dif-

fraction patterns are convenient for identification

purposes. Metal chelates are usually amenable to

standard X-ray techniques since they are, with

very few exceptions, sohd at room temperature

and usually can be obtained in stable crystalline

form with no great difficulty. While a few metal

chelates are listed in standard compilations of X-

ray powder data, these compounds comprise only a

very small fraction of the number of chelates which

have been synthesized. In general, therefore, the

investigator must make direct comparisons with

suspected compounds using his own equipment. In

making such comparisons one must keep in mind

that many chelates can exist in more than one

crystalline form and sometimes as more than one

isomer. An additional compHcation is that certain

chelates can be obtained as stable hydrates, as well

as in the anhydrous form. In general, the hydrates

will give different powder patterns from the an-

hydrous compounds. While the pattern obtained is

usually quite characteristic of a particular crystal-

line entity, the chelates derived from the same

organic chelating agent, but different metals, some-

times give nearly identical patterns.^

Identification of Precursors. Metal chelates

are suitable derivatives for the identification of

certain types of compounds which, themselves, are

not easily studied by X-ray diffraction. Thus, pri-

mary ahphatic amines can be identified readily by

the X-ray powder patterns of the derivatives

formed with salicylaldehyde and cupric ion.* In

the inorganic field, McCune and Wilkins' found

that triphosphate could be distinguished from py-

rophosphate by the X-ray patterns of the precipi-

tated tris(ethylenediamine) cobalt salts. Metal

chelates have not been used as derivatives to the

extent that their ease of preparation and desirable

physical properties would seem to justify. Many

additional possibihties suggest themselves. For ex-

ample, it should be possible to identify Miketones

and iQ-keto esters by means of the X-ray powder

patterns of their copper chelate derivatives.

Crystal and Molecular Structure Studies. There

has been much interest in recent years in single

crystal X-ray studies of metal chelate compounds.

More or less complete structural investigations,

including the determination of atomic spatial ar-

rangement, bond lengths and angles between

bonds, have now been carried out for well over

70 metal chelate compounds. The work reported to

about 1952 has been reviewed by Martell and Cal-

ving and to 1953 by Merritt.*' Many of the more

complete studies have, however, been carried out

since that time.

Part of the interest in metal chelates is provided

by the biological importance of some of these com-
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pounds.- Of great interest is the very considerable

progress made in determining the highly compli-
cated structures of the oxygen-carrying proteins
hemoglobin^ and myoglobin.* The structures and
spatial configurations of these two compounds have
been reported to resolutions of 5.5A and 2A, re-

spectively. The hemoglobin molecule consists of

four subunits, each containing one iron atom as

part of a porphyrin ring system. Myoglobin re-

sembles in structure one of these subunits with the
polypeptide chain folded in a comphcated fashion
about the heme group. Some idea of the complex-
ity of these X-ray determinations is apparent when
it is reahzed that the hemoglobin molecule con-
tains about 10,000 atoms.
Also of considerable importance is the work done

recently on Vitamin Bi^ . The currently accepted
structure^ of this complicated cobalt chelate has
been determined largely through X-ray analysis.

Other chelates of biological interest which have
been examined in the last few years include nickel
etioporphyrin^° and the metal salts of a number of
amino acids. The latter include the copper deriva-
tives of glycine^\ jQ-alanine"^, proline'^ a-amino-
butyrate^* and /3-aminobutyrate^^ ; the zinc and
nickel chelates of aspartic acid^*^ and of glycine"' ^^

;

cadmium glycinate"; and cobalt aspartate.'*' In
each case X-ray analysis has shown the formation
of chelate rings involving the metal, carboxyl oxy-
gen, and amino nitrogen atoms.
The X-ray structures of a number of metal

chelates have been examined because of interest in
chelating agents for use in conventional gravi-
metric and volumetric analytical procedures. The
implications of such X-ray studies to the design of
new analytical reagents have been discussed by
Merritt.*' A number of metal derivatives of di-

methylglyoxime have been examined. Dimethyl-
glyoxime is a rather selective precipitating agent
for nickel (although other metal derivatives can be
made). Interest has centered on the structural
features responsible for this selectivity.

The Ni", Cu^^ Pt^\ and Pd'^- '' derivatives have
been found to have the structure I. Structural fac-
tors of importance (from the analytical standpoint)
include the formation of unusually strong hydro-
gen bonds joining the oxygen atoms, as shown in
I, and the presence or absence of intermolecular
metal-metal bonding. Recently a study has been
carried out on the nickel chelate of methylethyl-
glyoxime.-^ This compound has a molecular struc-
ture similar to (I) but, unlike the nickel dimethyl-
glyoxime chelate, nickel-nickel bonds do not occur.
Other chelates of analytical importance which

have been studied include the zinc derivative of
8-hydroxyquinoline-', nickel salicylaldoxime'^ and
nickeP, cobalt"^, iron-* and manganese^^ derivatives
of ethylenediamine-tetraacetic acid (EDTA).
EDTA is much used as a sequestering agent to
form soluble complexes in aqueous solution. EDTA
owes its outstanding complexing ability to the fact
that up to six groups of the EDTA ion can co-
ordinate to a single metal cation.'-

""

A considerable number of other metal chelates
have also been subjected to rather complete struc-
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H-—
I I

N N
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N N
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CH.
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CH
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/
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tural analyses, primarily for reasons other than
their biological or analytical importance. Particu-
larly noteworthy are the metal acetylacetonates,
most of which can be represented by (II).

Derivatives which have been studied include
those of Zn^^ Be^ Ni"^ Cu"^ Cr'^ Co'^*- "% AP%
Fe'*', Th'^ and vanadyl.^ The structural results

show that for most of the acetylacetonates, the
organic portion of the molecule is actually a res-

onance hybrid in which both the carbon-oxygen
bonds shown in II have an equal amount of double-
bond character.

The structure of an unusual platinum complex
derived from dipyridyl and acetylacetone has
been reported.^^ While the platinum forms a che-
late ring with the dipyridyl, the acetylacetone is

bonded to the metal only through one carbon
atom. This appears to be the only known example
in which acetylacetone does not function as a che-
lating agent in its complexes.
Some structural results have been reported for

chelates derived from dibenzoylmethane.'" The
latter chelating agent is an analog of acetylacetone
and forms chelates similar to II, in which, how-
ever, phenj'l groups replace the methyl groups.
Another group of compounds which has received

much attention consists of metal-Schiff base che-
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lates derived from salicylaldehyde and primary

amines. Many of the compounds correspond to

III Metals incorporated into these complexes are

copper*'-", nickel** and iron.*' Copper**' and

nicker-*^ chelates derived from salicylaldehyde it-

self have also been studied. A recent investiga-

tion*' has estabhshed the structure of the analogous

compound IV and shown that the Cu is bonded as

part of a six-membered ring. Previous evidence

had not been sufficient to establish which of the

two nitrogen atoms of the azo group was bonded

to the metal in this class of compounds. This is a

good example of the value of X-ray diffraction in

throwing light on structural problems which do

not yield readily to other methods.

Other metal chelates which have been studied

include several in which oxalate ions are chelated

to a metal atom"^"'* and a number of compounds

in which di- and polyamines are part of chelate

structures. These include cobalt''-'^ copper'',

nickeP""' and chromium*'- complexes.

While the above discussion has concerned the

more recent investigations, one should at least

mention the classic work of Robertson dealing with

phthalocyanine and its metal derivatives. This

work, together with other of the earlier studies, has

been discussed in previous reviews.^" The structure

of an analog of nickel phthalocyanine has recently

been described."^ Further studies have concerned

terpyridylzinc chloride^, a zinc thiosemicarbazide

derivative^', a copper biuret complex^^ an arsenic-

containing nickel chelate*", copper dipropyldithio-

carbamate°® and lead diethyldithiocarbamate.*"'
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CHEMICAL DOSIMETRY. See Dosimetry, Chemical.

CHEMICAL EFFECT ON X-RAY SPECTRA*

The manner in which an element is chemically

combined in a solid or liquid can exert significant

effects on its X-ray spectrum. This so-called chemi-

cal effect on X-ray spectra is observed as changes

in wavelength, relative intensity or shape of emis-

sion lines and absorption spectra for samples con-

taining an element in different chemical environ-

ments. Changes are usually referred to the pure

metal as the standard for comparison. The litera-

ture contains examples dating as far back as 1920

where investigators have successfully correlated

spectral changes to effects of valence. One of the

significant aspects of the X-ray technique for de-

termining the chemical state of an element is that

it is equally well-suited to the study of Hquids and

noncrystalHne soHds as it is to the study of well-

crystallized materials.

It is useful to consider both the emission and

absorption spectra in the study of the chemical

effect since the emission and absorption process are

complementary in nature. Absorption edges and re-

lated fine structure result from electron transitions

from filled inner shells to unfilled energy levels of

the atom or soHd. Emission lines, on the other

hand, result from electron transitions between

outer filled shells of excited atoms into vacancies

in the inner shells that are created by the absorp-

tion process. Absorption edges indicate the distri-

bution of unfilled energy levels while emission lines

indicate the electron distribution in filled levels.

Emission Spectra. The valence state of an atom

in a solid or liquid is the predominant contribut-

ing factor to the chemical effect. Structural con-

siderations such as coordination numbers also con-

tribute to the chemical effect but generally have a

lesser influence than the valence state.

Figure 1 illustrates the shift for the chlorine

Ka peak for different compounds containing the

chlorine as the chloride (CI"'), chlorate (CP^) and

perchlorate (CP'). The shift is in the direction of

decreasing wavelength with increasing positive

charge on the chlorine ion.

Faessler and Kramer^ have used wavelength

shifts of the silicon Ka line to confirm the existence

of SioO and SioQs

.

* Contribution Number 61-107, College of Min-
eral Industries, The Pennsylvania State Univer-

sitv.
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NaCI = ll4 097°2e

KCI0,= II4.030°26

KCI0. = ll4,000«2e

114.0 1145

Degrees Two Theta

Fig. 1. Experimental curves showing changes in
the CI Ka peak with chemical combination using
NaCl analyzer.

-
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Fig. 2. The Al K/3 emission lines for the metal
and oxide. Adapted from B. Nordfors.^

Figure 2 illustrates the wavelength shift and
shape changes of the Aluminum K/3 line (emission
band) when the aluminum metal and aluminum
oxide are used as the X-ray emitters.

The change in relative intensity and wavelengths
of X-ray emission lines is illustrated in Fig. 3 for

the case of the aluminum Ka.-? and Ka4 satellites.

Xordfors^ has successfully used the intensity ratio

of the satellites as a very sensitive measure of the

amount of oxidation of aluminum X-ray targets.

Of the light elements, at least magnesium, alu-

minum and silicon exhibit changes in the emission

lines which can be explained on the basis of

changes of coordination number, i.e., changes in

the number of anions immediately surrounding the

metal cation. Brindley and McKinstry* have used
shifts of the aluminum Ka line to verify the four-

fold coordination of aluminum in metakaolinite.

Not all X-rciy emission lines are affected by the

chemical state of the emitter, however. The follow-

ing three general criteria seem to apply when
searching for lines that may be sensitive to the

chemical effect.

1. The electron transition which produces the

X-ray photon must involve the outer electron

shells of the atom or ion. Thus Sanner^ has found
for the K series emission lines that elements
heavier than nickel are not subject to the chemical

effect.

2. The shortest wavelength diagram line of a

given series will generally be the most sensitive to

the effect. For example, when going from the

chromium metal to Cr203 as the emitter the Ka,
line shifts 0.01 XU; the K^Si , line shifts 0.21 XU
and the KjQs line shifts 1.6 XU.* The K/Si line often

does not shift as much as the Ka line but where
reported the KjQs line shift is generally two or three

times as great as for the KjSi

.

3. The nondiagram satellite lines of a given
series, where resolved, will often undergo strong

changes in wavelength. Likewise, they tend to

vary strongly in relative intensity as shown in Fig.

3.

Sandstrom*^ presents extensive wavelength tables

which indicate lines known to be sensitive to the

chemical effect.

It has been widely assumed that in order to

study shifts caused by the chemical effect that one

c

KAOLINITE

\

J

n

I
1

ALUMINUM

8.250 8.270 8.2908.300 6.320

WAVELENGTH IN ANGSTROMS
Fig. 3. The Al as , a. satellites for aluminum

metal and for aluminum in Kaolinite.
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would have to use an ultrahigh accuracy spectrom-

eter. This is not the case, however. Many very

useful results can be obtained with ordinary X-ray

fluorescence spectrometers by measuring wave-

length changes without particular regard to abso-

lute wavelength values. Precautions should be

taken to scan in one direction, thus eliminating ef-

fects of backlash in the gear train. The tempera-

ture of the analyzing crystal must be controlled

within 2°C, thereby preventing deviation of its

lattice spacing. The chlorine Ka shift shown in

Fig. 1 was measured using a commercially built

X-ray fluorescence spectrometer.

The recent emergence of the electron probe

microanalyzer as an available laboratory tool has

provided a convenient means for direct electron

bombardment of specimens. The primary excita-

tion greatly enhances the working intensity thus

making it feasible to study the weaker lines in a

given series, which are more sensitive to the

chemical effect. Fig. 3 shows curves, obtained by

the authors using an electron probe microanalyzer

equipped with a curved crystal spectrometer. The
analyzing crystal was ADP bent and ground to a

4-in. radius.

Absorption Spectra. X-ray absorption spectra

have been used in a number of instances to obtain

information about the chemical combination of

an atom. The K series absorption spectra for the

first transition elements are much more sensitive

to the chemical state than are the corresponding

K lines. This fact together with the ease of pre-

paring thin absorption samples probably accounts

for the large amount of absorption data and corre-

sponding lack of data on emission line shifts for

the transition elements.

Keeling,"^ on the basis of X-ray absorption pat-

terns, has concluded that cobalt on sihca assumes

the valence two and coordination six. On alumina

the cobalt changes as a function of the amount
of cobalt present from valence two and coordina-

tion six to the mixed valence two and three and

mixed coordination of six and four similar to

C03O4

.

Borovskii and Schmidt* have observed alterations

in the absorption spectrum of iron as a function of

temperature and crystalline phase. They have es-

tablished the effect of plasma oscillations of the

electrons of the fine structure of the main K ab-

sorption edge in iron and have separated the true

shapes of the spectra of alpha and gamma iron.

The frequency of the oscillations was found to be

strongly dependent on crj^stal structure.

Van Nordstrand^ has studied the absorption spec-

tra for a large number of compounds of cobalt,

chromium, and manganese using a standard X-ray

goniometer with a finer slit than for the normal

diffraction procedure. He has been able to empiri-

cally classify the spectra on the basis of four gen-

eral types as illustrated in Fig. 4. Information re-

garding both valence and coordination can be

obtained from the absorption curves.

Type I spectra are correlated with an eightfold

coordination of the cation in common salts, hy-

drates, complexes, and oxides.

Type II spectra are correlated with an octahedral

'0 40 80 120 160

ELECTRON VOLTS ABOVE "EDGE"

C-7-¥

200

Fig. 4. Four types of absorption spectra. Adapted
from Van Nordstrand's study of compounds of Co,

Cr and Mn.^

coordination shell comprised of linear ligands CX
or CO.
Type III spectra are typical of the metallic co-

balt, chromium and manganese.

Type IV spectra are correlated with tetrahedral

complexes such as the permanganate or chromate.

Summary. Studies of X-ray emission and ab-

sorption spectra have provided a means for non-

destructive determination of the chemical state

of many elements in solids and liquids. Although

the chemical effects on X-raj^ spectra has been

known for some forty years it has not been widely

used as a routine research tool.

The recent realization that good data can be ob-

tained from available equipment has led to an in-

crease in the use of X-ray spectra to solve prob-

lems of valence and coordination—especiafly in

poorly crystallized or noncrj^stallized materials. A
timely new annotated bibliography is listed in Ref-

erences.
^°
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CHEMICAL EFFECTS OF RADIATIONS. See Radiation Chem-

istry (Rodiochemistry, Rodiolysis).

CHLOROFORM: COMPARISON OF RADIATION CHEMISTRY

AND THERMAL GAS-PHASE DECOMPOSITION (See

also following article by Harper and Gardner)

The radiation chemistry of pure organic liquids

is complicated by the presence of small amounts
of impurities which may act as radical scavengers

on the one hand and on the other may alter the

reaction path by chain reactions.

For this reason in the case of chloroform there

was poor agreement between early investiga-

tors^' ^' ^ as to the nature of the products formed
in the irradiation of the pure liquids.

Thus in the presence of traces of oxygen and
H2O, HCl may be formed with a G value of up to

G = 100,* compared to G = 5.4 in the O2 , HsO-free

system."' "' "

A quantitative investigation of this system,'^ in

which high-temperature gas chromatography was
employed for the identification of products, and
special precautions were taken to avoid contamina-
tion by O2 and H2O, showed that only 7 products

were formed compared to more than 13 when
traces of O2 and H2O were present.

The G values of the products and their depend-
ence on the total dose are summarized in the fol-

lowing table.

G Values of Prodlxts at Different
Total Doses

Dose X 1019 ev/ml

4.25 5.9

Ghci
GCH2CI2

GC2H3C]3-(),1,2)

Cc2H2Cl4-rByrn)

GC2HC16

GczCla

Gc2cu

5.0 5.6 6.3

0.9 0.45

0.57 1.2

1.1 1.1

1.2 1.3

3.1 3.4

0.15 0.15

1. CHCU——> •CHCI2 + CI.

2 -CHCl., + CHCI3 -^ CH2CI2 + -ecu
3 CI- + CHCls-^HCl + -CCla

4 2 -CHCh -> C2H2CI4 (Sym)

5. 2 -CCU-^CsCU
6. -CHCh + •CCl3->C2HCl5
7. CHoClo -I- .CHCI2 -^ C2H3CI3 (1,1,2) + CI-

8. CHCI3 -^ :CCl2 + HCl

9. :CCl2 + CHCI3 -> C2CI4 + HCl

This mechanism yields a good material balance

and is consistent with the observed dependence of

the various G values on total dose.

A further and independent support for this

mechanism is provided by the strong analogy exist-

ing between the radiation chemistry of pure chloro-

form and its thermal gas-phase decomposition.^

Semeluk and Bernstein identified the products and

studied the kinetics of the thermal decomposition

of chloroform at 500°C. All the seven products

mentioned in the radiolytic decomposition are re-

ported in their work; however, at different rela-

tive amounts. They proposed a mechanism in

which the first step is the thermal cleavage of the

Q\—c bond, i.e. the thermal analogy of reaction

(1). Other steps are exactly the same as reactions

1-9 above except that the formation of the -.CCL

radical in the gas phase is due to the thermal de-

composition of the 'CCI3 radical. Also present

among the gas-phase decomposition products is

ecu formed by -CCls + -01 -^ CCL . This reac-

tion cannot occur in the condensed phase because

of the immediate scavenging of CI- radicals by the

solvent. The small yield of CsCle , C2CI5H, CH2CI2

C2H2CI4 (Sym) and C2H3Cl3(l,l,2) in the gas-

phase decomposition were explained by their own
thermal cleavage yielding other products (as CI2

,

C2CI3H, CH2CCI2) which are absent in the radioly-

sis of the liquid.
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CHLOROFORM: GAMMA (AND BETA) RADIOLYSIS. (See

also preceding article by Ottolenghi)

Chloroform (trichloromethane) is a clear, color-

less, volatile liquid having the chemical formula
CHCI3 . When exposed to high-energy ionizing

radition, chloroform decomposes to give a number
of fragments which are free radicals. These radicals

are extremely reactive, and by further reaction

lead to a number of organic chlorocompounds.

Table 1,

Hydrogen chloride HCl
Methylene chloride CH0CI2
Carbon tetrachloride CCI4
Trichloroethylene CCl2=CHCI
Trichloroethane C2H3CI3
Tetrachloroethylene CCl2=CCl2
Tetrachloroethane C2H2C14
Pentachloroethane C2HC15
Hexachloroethane C2C16
Heptachloropropane C3HC17
Octachloropropane C3C16

The compounds shown in Table 1 have been
identified as products in irradiated chloroform.

Effect of Radiation Dose and Intensity. At a

constant radiation intensity the yield of these

compounds increases with radiation dose. The
relationship between the amount of product formed
and the dose is in most cases linear over a wide
dose range. This is illustrated in Fig. 1 for several

of the products.

If the intensity of the radiation changes, the

linear relationship between the yield and dose also

changes for several of the products, showing that

these compounds are intensity dependent. Of the

products listed in Table 1, methylene chloride,

carbon tetrachloride, tetrachloroethylene, hexa-
chloroethane, and heptachloropropane are intensity

dependent. Hydrogen chloride is not intensity de-

pendent.

A number of investigators have studied the effect

of radiation on chloroform. These include Chen,
Wong, and Johnston^, Cooper and Stafford^, Otto-
lenghi and Stein^, Shulte, Suttie, and Wilhelm*, and
Henglein and Mohrhauer.^ The results reported in

these papers vary considerably. This is possibly due
to the fact that the work was done at widely vary-
ing radiation intensities.

The G value of formation for a compound is de-

fined as the number of molecules formed per one
hundred electron volts of energy absorbed. Table 2

gives the G values at different radiation intensities

and illustrates how the G values for some of the

products change with intensity.

Q- 0.6

CH2 c/2

Cz HCIs

Cz H2 CI.

CCI4

CzCU

Fig. 1. Products from gamma-irradiated chloroform
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Tabi.e 2. G Values of Products at

Different Intensities

Dose Rate
Megarads/Hour

18,000-'^ 3,600=^ 360* 0.25^ 0.06^

Ohci 4.4 5.0 4.7

GCH2CI2 0.03 0.06 0.13 2.9 3.6

Gccu 0.04 0.05 0.08 0.23 0.40

GC2HC13 Trace -0.05 Trace

Gc?H3Cl3 Trace Trace Trace

Gcocu 0.04 0.04 0.05 0.13 0.14

CcoHjCU 0.5 0.5 0.5 0.6 0.7

Gc.HCls 0.8 0.8 0.8 1.0 0.9

GcaCle 0.5 0.6 0.7 2.5 2.8

Gc2HCl7 0.07 0.06 0.035

GC2C18 Trace Trace

a High energy electrons (beta rays)

'' Gamma rays

Mechanism. The following mechanism is

posed to account for the products found.

pro-

CHCI3 ---
CHClo- + CHCI3

CI- + CHCI3
2CHC1.2-

2CC13-

CHChi- + CCls-

01 + CCl3-

CHClo- + CH2CI0
2CHC1.2-

CHCI2 + CCl3-

'CHClo- + CI-

CHoClo + CCls-

HCl + CCI3-

C2H2CI4
C2CI6
C0HCI5
CCI4
CHCloCHoCl
HCl + CHCl = CClo

• HCl + CCI2 = CCI2

Reactions similar to these but involving the prod-

ucts of these reactions are believed to be re-

sponsible for the observed heptachloropropane and

octachloropropane

.

B. G. Harper and J. B. Gardner

CINERADIOGRAPHY WITH MULTIPLE FIELD-EMISSION

TUBES*

Cineradiography has been used for some time to

elucidate transient mechanisms in opaque media.

Two types of X-ray sj^stems have been reported.

Stenzel and Thomer^ used repeated flashes from
a single X-ray tube and pulser. The advantages in-

clude a reasonabb^ large number of frames and a

single X-ray source ; the main limitation appears

to be the framing rate (12,000/sec) and is imposed
primaril}^ by the state of the art in pulser switches.

Zuckerman and Manakowa^ used multiple X-ray
tubes but realized only part of the inherent ad-

vantages of that system due primarily to the rela-

tives^ large size and impedance of their apparatus.

The main advantage of multiple-tube radiog-

raph}' is the ver3^ high frame rate which can be

achieved (e.g., 10" to 10" frames/sec). However,

"" A paper entitled "Thirtj^ Nanosecond Radiog-
raphy at Frame Rates up to 10" per Second," sub-
mitted to the 6th International Congress on High-
Speed J'*ho1ography.

there are also other advantages including the abil-

ity to take stereoradiographs (2 tubes fired simul-

taneously), stereocineradiographs (4 or more

tubes) and the ability to monitor an event which

occupies more volume than one tube can illu-

minate. For example, it may be desired to locate

several tubes along a ballistic range and to fire

them in time sequence to observe both muzzle

and terminal balhstics, velocity, drag, etc. The

main disadvantages of multiple-tube systems have

heretofore been the size and cost of earlier systems

and the complexity of their operation and main-

tenance.

It has been possible effectively to overcome those

disadvantages by the development of a miniature

flash X-ray tube based on field emission, and cor-

respondingly small pulsers (about 1 cu ft at 100

kv). Thus a multichannel cineradiographic system

can be housed in a standard rack and panel and

operated from a central position ; the several X-ray

tubes may be operated remotely at the end of co-

axial cables of any reasonable length, say 100 ft.

Such a system will be discussed briefly and its

use will be illustrated by radiographs of several

high-speed phenomena such as an exploding foil,

stereoradiographs, and the displacement of internal

organs during acceleration.

Equipment. Four new field emission X-ray

tubes have been developed, one for each of the

applied voltages 100, 150, 300, and 600 kv. At the

lowest voltage, three tubes were developed with

various fixed pulse lengths of 30, 70, and 100 nano-

seconds respectively; at the higher voltages, a

common pulse length of 100 nanoseconds was used.

The penetration provided by these tubes, in

terms of inches of 2S0 aluminum, is shown in Fig.

1. The other specifications for the tubes (and for

2 4 6 8 10 12 14 16

FILM TO SOURCE DISTANCE IN FEET

Fig. 1. Graph showing the thickness of aluminum
absorber vs. film-to-source distance for several

pulsers and tubes

:

A Model 231 pulser and 524 tube . . .

B Model 232 pulser and 525 tube

C Model 236 pulser and 526 tube

D Model 235 pulser and 529 tube

E Model 233 pulser and 515 tube

F Model 265 pulser and 517 tube;

curves assume a photographic density of 0.7 using

Kodak Royal Blue film and Calcium tungstate
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Table 1

Tube
Model

kv Amperes
Nano-
second

x-ray
Source
Size

(in mm)

X-ray Dose
Rate (r/sec)

at Tube
Surface

524 100 1400 30 1.5 3 X 10^

525 100 1400 70 2.5 2 X 10^

526 100 1400 100 3.8 3 X 10^

529 150 2000 100 4.5 4 X 10^

515 300 1400 100 6.0 108

517 600 2000 100 9.5 108

their corresponding pulsers) are shown in Table 1.

The small tube size (1 X 6 in. at 100 kv) allows

the tube to be enclosed in a tube head which has

an over-all dimension of 2 X 10 in. including lead

shielding and a grounded metallic case. The tube

impedance (70 ohms) permits the tube to be

remotely operated at the end of a coaxial cable

of equal impedance. Similar tube heads were de-

veloped for 150, 300, and 600 kv. The tubes may
also be operated inside the corresponding pulsers.

Life and reliability of these new field emission

X-ray tubes have surpassed those of the T-F
emission tubes reported earlier. Life is presentlj^ of

Fig. 2. The Fexitron Model 730 is a complete flash X-Ray system including a 30 kv d.c.

supply (1), a modified Marx surge pulser (2), a cold cathode field emission X-ray tube (3),
which is housed inside the grounded metallic pulser can, and a trigger amplifier/delay gen-
erator (4), which will fire the pulser after pre-set delays from 1 to 1000 microsecond; the
pulsers 2, 5 and 6 operate respectively at 300, 150 and 100 kv and are available in optional,

fixed pulse lengths of 30, 70 and 100 nanoseconds; all operate off of the common dc suppl3^

Fig. 3. Cineradiographs reveal displacements of internal organs diu'ing 30 g acceleration;

guinea pig (1) was accelerated b}^ crossbow (2) past x-ray film (3); four X-Ra}' tubes (4)

were fired in time sequence; the short exposure time (0.1 microsec) gave sharp radiographs
while the pig was in motion; multiple X-raj' sources were used in order to gain the advantage
of a stationary film.
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g =30

t =0

32ms

Fig. 4. Albino guinea pigs weighing approximately

350 g were given 10 mg by Nembutal intraperi-

toneally; and the pigs were then attached to the

cart by strips of masking tape. Contrast agent (50

per cent Hypaciue) was injected prior to accelera-

tion. In the radiographs at right the opaques appear

as dark areas which help to locate various organs

and their relative displacements. The sohd or

fluid-filled abdominal organs, having greater iner-

tia than the gas containing viscera, are displaced

from their normal positions in the body. Note also

the marked change in the configuration of the

heart (at A) and of the diaphragm (at B). Although
the animals survived this treatment, more dramatic
effects would be expected by the same techniques

at larger values of acceleration. (Highly significant

in terms of high accelerations of orbiting astro-

nauts, Ed.)

the order of 1000 shots and film density is constant

from shot to shot.

A new X-ray system has been designed around

the foregoing tubes. The system, shown in Fig. 2,

includes a 30 kv d.c. supply (1), a modified Marx
surge pulser (2), a cold cathode X-ray tube (3)

and a trigger amplifier/delay generator (4). Three

pulsers are shown in the figure corresponding to

the three lower voltages shown in Table 1 ;
pulser

2 operates at 300 kv ; 5 operates at 150 kv ; 6 oper-

ates at 100 kv. A fourth pulser of similar design

(not shown) operates at 600 kv. In Fig. 2, the

tubes are located inside the pulser can where they

may also be operated; both tube and pulser are

enclosed in a grounded metallic can which protects

the operator from high voltage and stray radiation.

The grounded can also absorbs longer wavelength

radiation from the spark gaps so that the system

has a low noise level. It is thus possible to operate

the high-powered pulsers (140 megawatts at 100

kv; 420 megawatts at 300 kv) near unshielded

equipment, e.g., oscilloscopes. For example, a use-

ful signal-to-noise ratio is thus observed as is de-

sired in studies of radiation effects on electronic

components.
Two other pulser features may be worth men-

tioning. First, the pulser is pressurized (dry nitro-

gen) to isolate its performance from atmospheric

effects (dust, humidity, pressure). Second, all of

the pulsers shown in Fig. 2 use the same (30 kv)

d.c. supply. Thus, several pulsers with different

specifications may be used in a single cineradio-

graphic system. In this way, each radiograph of a

sequence may be otpimized; for example, 300 kv

may be used for muzzle and terminal ballistics

(whore penetration is needed) while 100 kv may be

adequate to record velocity and drag while the pro-

jectile is in air.

The trigger amplifier accepts a low level signal

(10 to 100 volts at 70 ohms) and amplifies it suffi-

ciently to trigger the pulser. The delay generator

provides calibrated preset delays from 1 to 1000

microseconds. Thus the several pulsers may be

fired in time seciuence for cineradiography at frame

rates from 10^ to lO*" frames/second.

Experimental Results. A tj'pical four-tube cine-

radiographic experiment is shown in Fig. 3. A
guinea pig (1) was accelerated at 30 g by a cross-

bow (2) past an X-ray film strip (3). The four

100 kv X-ray tubes were located along the ani-

mal's track as shown at 4; coaxial cables (70 ohm)

connected tubes to pulsers which were in the cabi-

net. Micro switches along the track were used to

fire the tubes. The resulting radiographs (Fig. 4)

reveal significant displacements of internal organs.

Note particularly the compression of the heart (at

A) and the movement of the diaphragm (at B).

The animal survived with no apparent effects.

Another example is the four radiograph sequence

of an exploding copper foil shown in Fig. 5. Several

interesting phenomena are observed including the

magnetic saw effect (at C), melting and thickening

(at D), pinch effect (da < di) and magnetic in-

stabihty (at E). Radiographs are preferred to vis-

ual photography because of the self-luminosity of

the foil and the optical distortions introduced by
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/, =

ti = 55/i sec

^3 = 75m sec

ti = 95ix sec

Fig. 5. Sequential radiographs of exploding copper foil (1.5 mil X 150 mil hard-rolled) m air

using 168 joules; note skin effect (decomposition begins at foil edge C); magnetic pinch

(d2 < di); melting and surface tension thickening of foil at D ; mechanical instability at ii.

the accompanying shock wave. The experimental

arrangement for this experiment has been de-

scribed elsewhere.^

There are of course many other possible cine-

radiographic applications. For example, Gehring*

has used flash X-rays to record shock waves in

metals; he has also observed simultaneously the

positions of shock wave and crater during hyper-

velocity impact and derived therefrom the dynamic

yield points of several materials.^

The foregoing X-ray systems are basically char-

acterized by a high information rate (high resolu-

tion, short exposure time). Their development was

possible because of the high current density of the

field emission cathode*' (the radiographic informa-

tion rate is proportional to the current density in

the electron beam of an X-ray tube). The field

emitter has also had one additional major impact

on radiography, namely on the size and weight of

the over-all system. This results primarily from

two other cathode properties, i.e., it has low im-

pedance and requires no heat. The resulting minia-

turization is seen in Fig. 6 which presents a com-

plete X-ray system weighing 40 lb and being

capable of radiographing any part of the human
body with fast films and screens. In a single 0.1

microsec pulse exposure at 150 kv the machine will

radiograph a human chest at 3 ft or 2 in. of alu-

minum at 1 ft. The unit has a dose rate of 10^ rads/

sec and a dose of 1 rad/pulse at the tube face. The

pulse may be repeated at the rate of 8 pulses per

second up to a total of 23 pulses ; a dial allows the

operator to select the number of pulses in order to

control dose. A two-position switch selects either of

two appHed voltages: 105 or 150 kv. As a single-

pulse machine it is a research tool for high-speed

Fig. 6. Portable (40 lb) flash X-Ray system pro-

vides train of 23 pulses at 8 pulses per sec ; controls

for selecting two voltages (105 or 150 kv) and

choice of anv number of pulses from 1 to 24 (to con-

trol film density on thick objects); single pulse

exposure 0.1 microsec provides stop motion radi-

ography of smaller objects (2 in. aluminum and 1

foot ; dose rate 10' rads/sec and dose of 1 rad/pulse

at tube envelope for radiation-effects studies).

phenomena ; with multiple pulses it is primarily a

medical diagnostic device.

One additional feature of these types of equip-

ment may be worth mentioning, namely their high

dose rates, 10' to 10' rads/sec for X-rays, and 10'"
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rads/sec (5 X 10'' rads/pulse) per beta rays/ These
are finding considerable interest in radiation effects

studies in part because of the convenience, size,

and economy of the equipment but also because
their radiation spectrum is different (lower voltage)

from those of conventional linacs, betatrons, etc.

There is growing evidence that a number of radia-

tion effects are dose rate dependent, both biologi-

cally® and otherwise, and it appears that in some
cases the effects may prove, with further work, to

be of advantage.
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CIRCUITS, ELECTRICAL, FOR ENERGIZING X-RAY TUBES

Electrical Circuits for Energizing X-ray Tubes.
The most commonly employed device for gen-
erating high voltage for appHcation to X-ray
tubes is a high-ratio step-up transformer, supplied

with alternating voltage from power lines at con-

ventional distribution power and frequency.
Auxiliary apparatus, called the X-ray control, pro-
vides means for varying the input and correspond-
ingly the output voltage of the transformer at w^ill

over the required range. Some form of multitapped
autotransformer is usually employed for this pur-

pose. The control also makes provisions for sup-
plying and regulating the heating current to the

X-ray tube filament so as to control its electron

emission to the desired values. Other control func-

tions are to initiate and terminate exposures and
govern their duration, regulate heating current

supplied to rectifier tube filaments, and give in-

dications by meters or otherwise of the various
current and voltage values established by the

various control settings.

A self-rectified X-ray generator is one in which
the X-ra}' tube is connected directly across the

high-voltage transformer output terminals, so that

alternating voltage is supplied to the tube. Cur-
rent through the tube is unidirectional bj'' virtue

of the ability- of the tube to function as a rectifier.

This mode of operation requires that loading of the
anode be limited to a ^•alue below the point at

which its temperature will allow electron emission
on the reverse polarity of the impressed voltage.

By insertion of a high-voltage rectif.ying tube in

series with the X-raA^ tube, reversal of current is

prevented and this limitation on anode loading is

removed. Such a unit, with one or two rectifiers,

or ^'alve tubes, in series with the X-ray tube, is

called a half-wave rectified X-ray generator, since

each alternate half of the voltage wave is sup-

pressed. In a full-wave rectified X-ray generator,

four valve tubes are employed in a bridge circuit

so as to supply both half-cycles of voltage to the
X-ray tube with unidirectional polarity. Figs. 1,

2, and 3 show in schematic form the circuit ar-

rangements of transformer, valve tubes and X-ray
tube in the three classes of rectification. When very
large currents in the X-ray tube are required, a
three-phase voltage supplj^ with full-wave rectifica-

tion, employing six valve tubes, is sometimes used.

The various types of rectified circuits described
above are all commonh^ used in medical diagnostic

X-ray equipment, small, light-dut}' and portable

Q

TUBE
VOLTAGE

LINE

Fig. 1. Diagram of self-rectified generator
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E^ CI

Fig. 2. Diagram of half-wave rectified generator

Fig. 3. Diagram of full-wave rectified generator

units usually being self-rectified. Higli-current

radiographic units are usually full-wave, either

single phase or three phase. A system for extremely

high-current, extremely short-duration exposures

(.001 to .003 sec) employs energy-storage capacitors

across the rectified high-voltage source to supply

the high-current pulses under control of a high-

voltage electronic switching tube of the grid-

controlled type.

For energizing the grounded-anode water-cooled

tubes operated at high power levels (for X-ray

spectroscopy and similar conditions), the 2-valve

full-wave circuit of Fig. 4 is frequently used.

X-ray therapy generators may employ any of

the forms of rectification described above. A so-

called constant potential circuit is often used in

deep-therapy units for operation at 200 kv to 250

kv. In one such circuit (Fig. 5), the transformer,

through rectifier tubes, charges separate condensers

on respective half-cycles, these condensers being

arranged to discharge in series continuously

through the X-ray tube. In this way the output

voltage of the transformer is doubled and the

voltage to the X-ray tube is approximately con-

stant, resulting in increased X-ray output.

For voltages ranging from about 200 kv to 2

mev, the so-called resonant transformer system of

generating high voltage (Fig. 6) has been employed

in a number of instances. In this system, the in-

ductance represented by the transformer secondary

is "tuned" to the operating frequency by means

of the capacitance of the secondary and its high

voltage terminal. This tuned circuit is designed

with a high "Q," so that a high circulating current

and a correspondingly high terminal voltage is ob-

tained. By using an elevated frequency, such as

1000 to 2000 cps, extremely compact and light-

weight units can be designed for relatively high

voltages. These units are in the self-rectified cate-

gory, since the X-ray tube is subjected to alternat-

ing voltage.

For voltages in the range of 1 mev to 6 mev,

the Van de Graaff electrostatic generator (Fig. 7)

has been employed with great success. In this type

of unit, negative electric charges are sprayed on a

mo^'ing insulating belt at a relatively low voltage

(approximately 50 kv). These charges are mechan-

ically transported to the insulated high-voltage

terminal of the machine where they are removed

and accumulated. The voltage is mamtained at any



CIRCUITS FOR GENERATING X-RAYS 148

Fig. 4. Two-valve full-wave circuit for operation of grounded-anode tubes

Fig. 5. Diagram of constant potential generator

ranging from 0.25 to 4.0 ma can be delivered to an
electron or positive-ion accelerator tube at voltages

up to 10 mev by this type of device. Over 10 kw
output electron power has been produced by Van
de Graaff electrostatic accelerators for radiation

processing. Another type of electrostatic generator
employing a rotating glass cylinder to transport

charges has been developed in France which oper-

ates in a range of 100 to 600 kv and is being em-
ployed as an X-ray generator.

The betatron (Fig. 8) employs magnetic induc-

tion rather than high voltage to accelerate elec-

trons to high energies; this principle is best suited

to energy ranges from 5 to 100 mev. The electrons

make hundreds of thousands of revolutions in the

circular path provided in the ''donut" tube de-

scribed in the article on Tubes by T. H. Rogers.

The betatron machine is essentially a large mag-
netic core, energized b}- alternating current simi-

FiG. 6. Diagram of resonant transformer type of generator

desired constant value by balancing at that voltage
the electrons flowing from the terminal via the
X-ray tube with the electrons continuously re-

plenished by the charge-carrying belt. Currents

larly to a transformer, in which the "donut" acts as

a secondary winding and the electron revolutions

are analogous to the secondary transformer turns.

The apparatus also includes a large capacitor bank
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X-RAY TUBE

X-RAY
TARGET

Fig. 7. Diagram of Van de Graaff electrostatic
generator.

GUIDING FLUX

VACUUM TUBE
DONUT

GROUND
L ELECTRON BEAM

EXPANDED TO
STRIKE TARGET

EQUILIBRIUM
ORBIT

X-RAY BEAM

Fig. 8. Diagram of betatron principle

which helps supply the reactive kva required to

energize the betatron magnet. Control of betatron
injection and the orbit-expanding pulse must also

be provided by appropriate circuitry (cf. page 92).

Still another device employed for acceleration of

electrons and other charged particles is the Hnear
accelerator. This device utilizes extremely high-
frequency (microwave) energy, in a series of

resonant cavities or a waveguide, to set up instan-

taneous high electric fields which move along in

synchronism with the electrons of a beam injected

into the system. For X-ray purposes, such accel-

erators are in use at energy levels from 6 mev to

50 mev. The high-frequency energy is suppUed by
radar-type oscillators, employing klystrons, mag-
netrons, or other similar devices, in very short but
intense bursts or pulses. Average beam current

values are usually well under 100 microamp, but

because of the high electron energy the X-ray yield

may be quite high. For radiation processing, micro-
wave linear accelerators with over 5 kw of output
electron power are feasible.

All of the types of generators described above
are used for industrial radiography, the required
penetrating power determining the selection of the
voltage range. All types are also being used in cer-

tain instances for deep therapy. All of the gen-
erator circuits described for voltage ranges above
1 mev are also used for the production of electron

beams for direct application externally of the tube.

T H. Rogers

CLAY MINERALS. See Layer-Lattice Silicates: Identifica-

tion and Analysis; Weathering of Soil Minerals.

COATING ON PAPER: MEASUREMENTS BY X-RAY ABSORP-

TION

The thickness and weight of inorganic coating

layers can be measured precisely using an absorp-

tion technique.^ The method is rapid and simple.

X-ray absorption follows the same laws that gov-

ern the passage of light through a transparent me-
dium. The behavior of light is expressed by the

following exponential relationship

:

/ = Le-''

where

lo — light intensity before passing through a

medium,
7 = light intensity after passing through a me-

dium,

X — thickness of medium, cm,

^ = linear absorption coefficient, cm"^.

The term ii is dependent upon the nature of the

absorbing medium and the wavelength of the light

under consideration. A more convenient form of

the absorption coefficient is the mass absorption

coefficient iilp, which is independent of the physi-

cal state of the medium.

I = Ioe~>'li'-p='

where
jx/p -= mass absorption coefficient of the me-

dium, cmVg,
p = density of the absorbing medium, g/cc.

The mass absorption coefficient ixlp can be cal-

culated if the composition of the absorbing me-
dium is known. To determine the mass absorption

coefficients for compounds, it is necessarj- onl}' to

sum the relative contributions of the constituent

elements as follows

:

ixlp compound = Wi{fx/pi) + u"2(At/p2) + Wnip-fpn)

where uh , W2 , Wn , are the weight fractions of each
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element in the compound, and (fi/pi), C/^/ps),

i/x/pn) are the mass absorption coefficients of each

constituent element.

One of the most widely used pigments for coat-

ing paper is the mineral kaolinite. This mineral

will be used in the subsequent example. The mass

absorption coefficient was calculated for kaolin

coating clsiy of the following composition.

Si02

AI2O3

FeaO;
Ti02
H2O

%
45.30

38.38

0.30

1.44

13.97

The mass absorption coefficients (Cu tube

1.54A) for elements in kaolinite are also hsted,

Si

Al
Fe
Ti

H
O

m/p

60.0

49.0

328

213

0.48

11.16

Based upon the above mass absorption coefficients,

the fi/p for kaohn is 32.19.

Experimental Determination of I/Io . The ex-

perimental determination of I/Io is easil}' accom-

pHshed and requires only the simple conversion of

a standard X-ray diffractometer to a spectrometer

in order to provide a monochromatic source of

radiation. A Cu-target tube was used which pro-

vided the entire characteristic CuK spectrum as

well as the characteristic Wl series as a result of

contamination. In addition, at shorter wavelengths

the general radiation continuum is emitted. A
LiF analyzing crystal (2d = 4.028A) was utihzed

to diffract selectively the 2nd order CuKa (\ =
1.54A) spectral line. Thus, the Geiger counter de-

tector was set at 2 ^ = 99.75° to admit this radia-

tion only.

Ideally L is measured with the sample removed,

and / with the sample in place. We are attempting

here to measure the thickness of the coating clay,

which cannot be removed from the paper for meas-

urement. Therefore, a paper blank which was cut

from the same handsheet on which the coating

was drawn down was inserted in the sample posi-

tion; the X-ray intensity h was counted after

passing through the paper. The sample, consisting

of paper coated with clay, was inserted in place

of the blank and / measured, the reduction in in-

tensity being due to coating clay alone.

The accuracy of the absorption method is greater

than the precision in obtaining uniform coating

weights by normal methods of ashing or weighing

test sheets. The method is simple and rapid. The
thickness of coating, using other inorganic mate-

rials, such as Ti02 , CaCOs , etc., can be deter-

mined as easily as kaolin by substituting the

proper mass absorption coefficients in the calcula-

tions. Plots of coating thickness and coating

weights can be easily prepared and utihzed.

Reference

Murray, Haydn H., and Johns, WiUiam D., "A
Precision Technique for Measurement of

Coating Thickness and Weight," Tappi 44,
217 (1961)

H.\YDX H. MURR.\Y

COATING THICKNESS MEASUREMENT AND CHEMICAL

ANALYSIS BY RADIOISOTOPE X-RAY SPECTROME-

TRY*

In radioisotope X-ray spectrometry the con-

ventional electrical X-ray generator is replaced

by a radioisotope X-ra}^ source (Article I, q.v.) and

the Bragg crystal analyzer by suitable filters

(Article II, q.v.).

Preferential absorption analysis depends on

the change in mass absorption coefficient of a

sample as its composition varies. The method is

not fundamentally specific so its uses are limited

to determination of the concentration of a single

variable component . On the other hand, it is shown

that neither monochromatic incident X-ray beams
nor energy selection in the transmitted beam are

necessary, so the method is particularly simple.

In absorption edge analysis, use is made of the

large discontinuit}^ in mass absorption coefficient,

which occurs at the K absorption edge, to deter-

mine the concentration of the element. With
monochromatic incident beams the method can be

made specific but the sensitivity is not necessarily

greater than that obtained by preferential absorp-

tion analysis. Experimental results are in close

agreement with simple theoretical calculations

based on the use of pure monochromatic X-rays.

This implies that for a given analysis empirical

calibration is not always necessarj^

.

X-ray fluorescence analysis is based on the fact

that X-rays characteristic of a given element in

the sample can be excited with an intensity which

is approximately proportional to the concentration

of that element. With suitable X-ray filters to dis-

criminate against other characteristic X-rays

which may be excited and against scattered

X-radiation, detectable limits as low as 10 ppm
have been achieved in favorable cases.

Measurements of coating thickness by X-ray

fluorescence involve excitation of only one or two

characteristic X-rays, because of the relative

simplicity of most coating/backing systems.

Thus, energy selection with filters, if required, is

simple and expeditious.

Radioisotope X-ray Absorption Analysis.

Absorption in a Heterogeneous Sample.

Monoenergetic Radiation. If a beam of mono-

energetic radiation of intensity lo is incident on a

sample of mass per unit area mig/cm^) and mass

* The third of 3 closely related articles by the

same authors, the other two being: I Sources, Ra-

dioisotope X-Ray, S; II Filters for Energy Selec-

tion in Radioisotope X-Ray Techniques, F. In

this Article III these are referred to respectively

as Articles I, II.
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absorption coefficient fi(cm^/g), the intensity, I,

of transmitted radiation is given by

Ioe~^"' (1)

For radiation in the energy range 1 to 100 kev,
fj.

changes rapidly with atomic number, so analysis

of a heterogeneous sample is possible in principle,

if its mass per unit area is constant. Consider a

sample containing a proportion r of an element of

mass absorption coefficient n, the rest of the sam-
ple being of constant composition and average
mass absorption coefficient fi. The transmitted
radiation intensity is given by

I = lo exp(-m[fxr + /i(l - r)]). (2)

The amount r of element Z may be determined
with a sensitivity Sr where Sr is defined as the
fractional change in I obtained for a given frac-

tional change in r. Thus from Eq. (2)

:

Sr = —- = nirifjL - ji).

dr/r
(3)

If errors in detector output are due solely to
statistical fluctuations in count rate, then it can
be shown that the optimum sample thickness, i.e.,

that which gives a compromise between good
sensitivity and small statistical fluctuations in

detector output, is given by making 8r/r a mini-
mum and yields:

[-1 =\_mJopt
^[fir + fid - r)].

If r <<C 1 we have

(pim)c

(4)

(5)

and the corresponding sensitivity at the optimum
mass per unit area is:

Sopt = 2r(M/M - 1) (6)

Effect of Sample Container. With liquid sam-
ples a container may be used with plane parallel
walls of mass per unit area m^ and mass absorp-
tion coefficient fxy, . Eq. (2) then becomes:

I = lo exp -{mlfjir + m(1 - /•)] + 2mu,w„,} (7)

For radiation obeying an exponential absorp-
tion law the container walls do not affect the
sensitivity as defined by Eq. (3) but only reduce
/ by a constant factor, which, however, affects the
statistical accuracy.
White Radiation. When white radiation is

used, such as that emitted from bremsstrahlung
sources (see Article I), the above equation can be
employed to obtain optimum values of m, source
energy and source activity if the values of n and
fj. are calculated for the mean energy of the brems-
strahlung source. This is only an approximation
because

(a) the variation of n with E is nonlinear,
(b) the sample filters out the lower energy com-

ponents of the incident radiation and so tends to

raise the detected mean energy. This effect is not
serious when fxm > 2.

(c) the sample container walls (samples are

usually liquid) attenuate the radiation to a certain

degree, but, more important, they also filter out
the lower energy components.
Preferential Absorption Analysis. Referring

to Eq. (2) to (6), it is seen that, for a sample of

constant mass per unit area, analysis of a single

variable component (of mass absorption coeffi-

cient fx) is possible if the composition of the rest

of the sample (mass absorption coefficient A) re-

mains constant. Low energy radiation, in the
range 1 to 50 kev, should be used, so that /x changes
rapidly with Z. Eq. (7) shows that if /x < /i (i.e.

analysis of an element of lower Z than the bulk
material), S is always less than 2r, but for deter-

mination of a high Z compound, n > p. and a high
sensitivity is possible.

The optimum sample mass per unit area and
source energy are chosen from Eq. (5) and (6). It

should be noted that n/jl remains approximately
constant (apart from absorption edges) for all

energies where photoelectric absorption pre-

dominates. This implies that optimum sensitivity

can be obtained for a wide range of source energies

and corresponding sample thicknesses, thus per-

mitting, in some cases, a choice of sample thickness

for engineering convenience.

When bremsstrahlung sources are used, thick

container walls may significantly increase the

mean transmitted energy because of filtration of

the lower energy components. If nm for sample
plus container is not greater than 2, however, the

bremsstrahlung source mean energies quoted in

Table 1 (Article I) can be applied.

The method has been applied mostly to analysis

of fluids, where it is easy to use a thin-walled cell

of constant thickness or a sample of constant mass
per unit area. Applications include determination

of sulfur, cobalt or tetraethyl lead in hydrocar-

bons,^' 2. 3, 4 composition of ethyl alcohol/water

and carbon tetrachloride/benzene mixtures and
mass per unit area of silver in developed photo-

graphic films.

^

To exemplify a feasibility calculation, consider

the analysis of sulfur in hydrocarbons

:

p. depends on the relative quantities of carbon
and hydrogen in the hydrocarbon, but, for the

moment, we will assume that p = fic (carbon).

Reference to Fig. 1, Article II, shows that ms/mc — 15

for all energies from 2.5 kev (sulfur K absorption

edge) to about 20 kev. Thus from Eq. (6) we find

that Sopt = 28r. For a given value of 8l/I, the

detectable limit ro can be predicted if it is defined

as, say, the value of r where 8r/r = 1. Then 8I/I =

28ro and if 8I/I = 1 per cent, ro = 0.035 per cent.

Fe^s, HVTi or HVZr sources could be used

(Tables 1 and 2, Article I), but HVZr is chosen

because of its long half-life and because the radia-

tion is energetic enough to be transmitted effi-

ciently b}^ a typical sample container. For HVZr
(E ^ 8 kev), M =^ /zc = 5 cmVg, so the optimum
sample thickness is 0.5 cm (using Eq. 5) if the

densitj^ of hj^drocarbons is assumed to be 0.8
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Detector

Detector window

Thin walled perspex

sample holder

Source

the absorption edge, respective!}', /jl2

M3 —^ Ms' but iJLi' y> m .

Therefore

:

^Target

X-Ray filter Sample Source holder

. Radiation path

Fig. 1. Source, sample, detector arrangement for

absorption-edge analysis.

g/ml. Experimental results with this source and a

cell with 0.5 mm thick Be walls show close agree-

ment with the above predictions.'

If the carbon-hydrogen ratio varies, a separate

determination of
fj.

is made using a beta particle

transmission method, which is especially sensitive

to hydrogen content. However, at an X-ray energy

of about 21 kev, ju, = mh , so the use of this energy

will render the determination independent of

carbon-hydrogen ratio. The sensitivity of the

method is unaffected since m^/mc is still about 15.

Cd^"^ (see Article I) has been proposed as a source

of 22 kev X-rays, but is rather expensive and has a

half -life of only 1.1 years. Pm'^T/Al bremsstrah-

lung^ has a mean energy close to 21 kev and

instruments using this source have been installed

in the U.K. for continuous sulfur content monitor-

ing of petroleum of variable carbon-hydrogen

ratio.

Absorption Edge Analysis. Analysis of an

element in a material of variable composition is

possible by making two measurements of trans-

mitted intensity near an absorption edge (prefer-

ably the K absorption edge) of the element to be

determined. If the measurements are made with

energies at the top and bottom of the absorption

edge, the only ^t which changes is that for the ele-

ment to be determined. Thus the ratio of the two

counts depends only on the concentration and

absorption jump of this element.

For energy E, just below the absorption edge:

I/Io = exp - (juiri -f M2r2 + Atsrs)?^ (8)

and for energy E', just above the absorption edge:

(I/Io)' = exp - (fxi'n -f M2'ro + ,xz'n)m (9)

where ri is the weight fraction of the element to

be determined, r2 of the variable part of the mate-

rial and rs of the rest of the material. M is the

mass per unit area, as before.

As E' and E approach the top and bottom of

- -m
1X2 and

(10)

Mathematical analysis to determine the optimum
value of m is complex, but it can be shown that if

7o zoz /„', and the counting times are about equal, a

satisfactory criterion is:

[(mi''"i + M2'?'2 + tJ^zrz)m]opt = 2 (11)

In order that the energies used should be as

close as possible to the absorption edge of the ele-

ment to be analyzed, the two beams of radiation

should be nearly monochromatic. By using the

arrangement shown in Fig. 1, X-rays from a

bremsstrahlung source excite K X-rays in one of

two targets and this radiation is used for the

analysis. Ideally the targets should be of neigh-

boring atomic number so that the energies of their

K X-rays differ by less than 5 per cent from the

absorption edge energy of the element to be ana-

lyzed. The characteristic X-rays from the targets

are always accompanied by a scattered continuum,

but this can be effectively eliminated by using a

pair of differential filters for each target. In each

case one of these filters will be of the same element

as that being analyzed, and so the total number of

filters required will be 3.

Taking as an example the determination of Zr

in the presence of Hf and sulfuric acid, Fig. 2

shows the mean absorption coefficients of Zr and

Hf as functions of energy, together with the en-

ergies of suitable target X-rays (Mo Ka and Ru
Ka) and suitable filters (Sr, Zr, and Mo). E and

E' in this case are 17.5 and 19.3 kev, and energy

"pass bands" of 16.1 to 18.0 and 18.0 to 20.0 kev

respectively are obtained by using Sr — Zr and

Zr - Mo differential filters as described in Article

II.

Experimental values of R obtained for the deter-

mination of Zr content- in the presence of Hf and

S agreed to within 2 per cent with values calcu-

lated from Eq. (8) and (9).

Other methods of obtaining the energies E and

E' have been found to be less successful than the

one described above. In one case the continuous

radiation from a bremsstrahlung source is directed

through the sample and differential filters used to

select the energy bands. It was found that filters

could not be balanced accurately enough to dis-

criminate effectively against the relatively high

intensity of unwanted radiation. In the second

arrangement the X-ray source consisted of a beta

particle source sandwiched between two foils of a

target element, producing K X-rays of the desired

energy. However, a relatively high intensity of

bremsstrahlung is also produced and differential

filters were found to be incapable of discriminating

against it.

Radioisotope X-ray Fluorescence Methods.

Excitation of K and L X-rays. With the sources
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described in Article I (Tables 1 and 2) and the

geometry shown in Fig. 3, K ov L X-rays charac-

teristic of the sample element may be excited to

give detector count rates of 10^ to 10^ per second

for pure elements.

For the monochromatic sources given in Article

I, Ik or I L may be calculated approximately from

the formula:

Ik,l = loGeWK. {'-£)
(12)

M + f^K,L

Counts/sec

where
lo is the number of photons of energy E emitted

from the source per second;

G is the geometry factor (about 0.05 for the

geometry shown in Fig. 3);

e is the detector efficiency for the characteristic

X-rays;
PF iT, L is the fluorescence yield for K or L X-rays

;

/ir,L is the ratio of mass absorption coefficients

at the top and bottom of the K or L absorp-

tion edges;

T and n are the photoelectric and total mass
absorption coefficients, respectively, at en-

ergy E and

ij,K,L is the total mass absorption coefficient of

the sample for its own K or L X-rays.

For bremsstrahlung sources Ik or II can be

calculated using the above formula, but this cal-

culation is rather complex because r and /x are

functions of source energy. It is preferable to

select empirically the bremsstrahlung source

whose energy distribution is most suited to excit-

ing the required radiation.

Reference to the source spectra given in Article

I shows that the tritium bremsstrahlung sources

are most suited to exciting K or L X-rays of en-

ergy below 10 kev and Pm^^VAl to K or L X-rays

above about 6 kev. For energies between 2 and 4

kev the TiK X-rays from HVTi are particularly

suitable and for Mg, Al, and Si K X-rays the ZrL
X-rays (2.04 kev) from HVZr are suitable. To
excite and detect X-rays of energy less than about

3 kev, hydrogen, helium or vacuum paths must, of

course, be provided for both the exciting and flu-

orescent radiation. Under these conditions the

lowest energy X-rays which have been excited

and detected are MgK X-rays. K X-rays of en-

ergies greater than about 60 kev (excited by a

Pm^'^^/Al bremsstrahlung source) are accompanied

by a considerable proportion of scattered radia-

tion, especially if the element in question is in a

relatively low atomic number matrix. It is usually

preferable, in these cases, to excite the L X-rays

whose energies are in the range 5 to 20 kev.

In general, count rates of K X-rays excited in

pure elements by standard 2.5 c or 5 c tritium

bremsstrahlung sources or 100 mc Pm^*^/Al brem-
sstrahlung sources are of the order of 10^ to 5 X
10* cts/sec with the standard geometry of Fig. 3.

Measurement of Coating Thickness by
X-ray Fluorescence. X-ray fluorescence is used

for determining coating thickness'' either by

exciting an X-ray in the coating or by measuring

the attenuation in the coating of an X-ray excited

in the backing material.

Excitation of Coating X-ray. The intensity,

/, of X-rays excited in a coating is given by:

/ = Is[l (13)

where ^ and nb apply to the exciting and fluores-

cent radiation, respectively, in a coating material

of mass per unit area m. Is is the fluorescent X-ray

intensity at saturation mass per unit area of coat-

ing. Discrimination against fluorescent or scat-

" 40

V

1
\ 1 \^
\ \
^ \
\ \\

\ \^,^fZr
\

\ \
\

\
\
\^\^

V ^ \ \
\

i

\ \

\ '>^. \
\ Ph,

^
\

\ \

\ \

\ \
^

\
Zr Kab \,

\
!

i

^MoKab

1

Sr Kab H
'

1

1 i

1 \ 1 ' RuK-,

1 Ji^ fT
K/loK^"

1 1

'

1

1 1

1 1

1 i

1 i

1 i

14 16

E(k«V)
20 22 24

Fig. 2. ftzr and ^Hf as functions of energy. Ener-

gies of MoKa and RuKa X-rays and SrK, ZrK
and MoK absorption edges are shown.

Sou rcc Holdc

X-Ray Filter

Fig. 3. Typical geometry for radioisotope X-ray
fluorescence spectrometry.
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Atomic Number

Fig. 4. Maximum coating thickness measurable
by K X-ray excitation as a function of atomic
number.

tered radiation from the backing may be necessar}-

and, if a filter is used for this (see Article II), the

extra attenuation (about a factor of 2) of the re-

quired X-ray should be taken into account.

Excitation of Backing X-ray. The intensity,

/, of X-rays excited in the backing material is

given by:

I = Is (14)

where /x and nb still apply to the exciting and flu-

orescent radiation respectively in the coating

material. Is is the fluorescent X-ray intensit}'

from the backing at zero coating thickness.

Range of Thickness Measurable. When the

coating X-ray is excited, the maximum coating
thickness measurable, nisat , is given by:

(fJL + fJLb)msat = 3 (15)

When the backing X-ray is excited there is,

theoretically, no upper limit of measurable coat-

ing thickness. In practice, because of absorption
of the incident radiation, excitation of some flu-

orescent radiation in the coating, and scattering

from the coating, there is a limit which in most
cases is given by the criterion used above.
For a given material, nb is fixed and ix can vary

from its maximum value of 3jub to lOjub at the top
of the absorption edge down to a comparatively
low value for high energj^ exciting radiation.

From Eq. (15) nisat can be increased by increasing

the source energy which decreases ^t but leaves

fib unchanged. However, since the excitation cross

section for X-rays is proportional to r (see Eq. 12)

,

the fluorescent X-ray intensity at saturation will

decrease. Fig. 4 shows a curve of nisat (for /x = o)

as a function of atomic number. This curve can
be taken as the upper limit to thickness of pure
element coatings measurable bj- either technique.

This is also the minimum thickness for the back-
ing material (if a pure element) to give saturation

excitation.

The minimum measurable coating thickness is

determined by the counting accuracy obtainable

and by the amount of interfering radiation de-

tected (e.g., other fluorescent X-rays, scattering

or background radiation). It is usually about one-

hundredth of the maximum measurable. Table 1

gives details of some coating thickness measure-
ments which have been proved feasible by radio-

isotope X-ray fluorescence.

X-ray Fluorescence Analysis. As the in-

tensity of characteristic X-rays excited in a sample
is proportional to the weight fraction of the ele-

ment present, anah'sis is possible in principle.

Theoreticall}' one could selectively count char-

acteristic radiation from each of the components
of a system and obtain a complete anal}' sis. In

practice, complications arise because of selective

absorption and re-emission of radiation by differ-

ent components, the low intensity of excited radi-

ation and finite resolution of the detection sj^stem.

For these reasons radioisotope X-ray fluorescence

is best suited to anah^ses of simple systems such

as binary alloys (e.g., Ni-Al, Cu-Zn) or liquids of

low atomic number containing a single high atomic

number element (e.g., Co in hydrocarbons). Anal-

3^sis for elements with atomic numbers less than
12 is not possible because of the low intensity of

characteristic radiation and attenuation in the

source-sample-detector gap and detector window.
In considering the feasibilitj- of a particular

analysis, a source is chosen which selectively

excites the desired X-rays most efficiently and a

detection system is used which selectively counts

the characteristic X-rays. Filters (see Article II)

may be required in the paths of the exciting and/or
fluorescent radiation.

In a sample in which no interfering X-raj^s are

excited and for concentrations between 1 and 100

per cent, filters are not usually necessary. Differ-

ential filters are usually essential for concentra-

tions in the range 10 to 1000 ppm, to isolate the

required X-raj^ from radiation scattered from the

rest of the material.

For example, determination of cobalt in hydro-

carbons in the presence of trace quantities of iron

has been proved feasible using differential filters

in the lower ranges of cobalt concentrations.^ The
hydrocarbon was a mixture of a olefines with co-

balt (as the napththalate) in concentrations of

to 2 per cent and iron (as ferrocene) in concentra-

tions of up to 100 ppm. For the range 0.1 to 2 per

cent, the relative Fe contamination is negligible

and the Co K X-rays are excited to an appreciable

intensity by a 2.5 c H^/Zr bremsstrahlung source

with comparatively little scattering from the

hydrocarbon matrix. Thus with the simple ar-

rangement of Fig. 3, without any form of energy

discrimination, cobalt concentrations in this range
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Table 1. Coating Thickness Measurement by X-ray Fluorescence.

Material X-ray Used Source Used Filter Thickness Range Accuracy

Electroplated tin on FeK HVZr — 5-180 X 10-6 cm 1% in 10 sec

steel 6.4 kev

Electroplated zinc on FeK HVZr Ni 1.3-30 X 10-^ cm 2% in 10 sec

steel 0.0013 cm
Hot-dipped zinc on FeK HVZr Ni on Fe 1.8-4.5 X 10-3 cm 2% in 100 sec

steel both
0.0013 cm

Platinum on titanium Ti K
4.5 kev

HVZr — 5-130 X 10-6 cm 2% in 40 sec

Gold on titanium Ti K
4.5 kev

HVZr — 5-130 X 10-6 cm 2% in 40 sec

Nickel on copper Ni K
7.5 kev

HVZr Co
0.0013 cm

1.5-15 X 10-4 cm 2% in 100 sec

Copper on steel Fe K HVZr Fe
0.0013 cm

0.8-13 X 10-4 cm 2% in 200 sec

Silver plated copper CuK HVZr — 10-5-10-4 cm 10% in 10 sec

wire 8.0 kev

Ink on paper Fe K HVZr — 0.4-4 X 10-5 cm 5% in 30 sec

Ink on Al printing plate Fe K HVZr — 0.4-4 X 10-5 cm 5% in 30 sec

Glaze coating on paper Ti K HVZr — 2.5-50 X 10-5 cm 5% in 30 sec

Pressure-sensitive CaK HVTi — 2.5-50 X 10-5 cm 2% in 10 sec

coating on paper 3.0 kev
Alkaline earth carbo- Sr K Pmi47/Al Al 2.5-13 X 10-4 cm 5% in 10 sec

nates -f Ni on Ni 14.2 kev 0.015 cm
Silver-coated electrical AgK Pm"7Al Al 0.5-5 X 10-3 cm 5% in 40 sec

contacts 22 kev 0.04 cm

can be determined to a relative accuracy of 1 to

5 per cent in counting times of about 100 seconds.

For the range to 1000 ppm Co, the maximum
available activity of HVZr (i.e., 2.5 c) does not

give a high enough Co K X-ray intensity.Pm ^^VAl

(100 mc) was, therefore, used and differential

filters of Mn and Fe (see Article II) incorporated

to eliminate scattered radiation in the energy

range 5 to 12 kev and Fe K X-rays at 6.4 kev.

The filters only remain "in balance" for the energy

range 5 to 12 kev, so electronic pulse height selec-

tion was used to count in a wide channel equiva-

lent to this energy band. This was found to impose
no extra demands on the stability of the electronic

equipment.
The minimum detectable concentration of co-

balt was found to be 7 ppm and 60 ppm Co could

be determined to an accuracy of dzlO ppm using

counting times of 200 sees for each filter.

When the concentrations of several elements

have to be determined, interelement effects may
become serious. Liebhafskj-^ discusses these and
methods of overcoming them. Powdered solids

can also present difficulties due to particle size

and bulk densitj^ effects.

Advantages and Limitations of Radioiso-
tope X-ray Analysis. The main advantage of

radioisotope X-ray spectrometers is in the cheap,

stable, compact, self-contained sources of electro-

magnetic radiation. A cheap source considerably

decreases the over-all cost of an instrument. Its

small size means that the measuring head can be

compact and this facilitates installation and use.

Absence of high voltage supplies minimizes elec-

trical hazards and installation and running costs.

For analysis of samples containing only one or

two elements and for measurement of coating

thickness (where one is usually concerned with a

simple system), the accuracy and sensitivity of

radioisotope X-ray fluorescence is comparable

with the conventional X-ray methods, while the

radioisotope method offers the above advantages.

Radioisotope X-ray fluorescence could, therefore,

be considered to be the more suitable for in-line

process control where it would be possible to in-

stall several instruments in relatively small spaces

for less than the cost of a single conventional

X-ray spectrometer. Transistorization of the de-

tector electronics would give a transportable in-

strument suitable for simple field applications

and relying only on batteries for its power sup-

plies.

Analysis of more complex systems encounters

interelement effects to the same extent as con-

ventional X-ray analj^sis. In theoiy, differential

filters can be chosen to isolate the characteristic

radiation from almost any element in the periodic

table, so the sensitivity and selectivity of radio-

isotope and conventional methods should still be

comparable. However, many filters are difficult to

prepare, the balancing procedure can be tedious

and, for analysis of a large number of elements, a

proportionately large number of balanced filter

pairs are required.

Conventional and radioisotope X-ray fluores-

cence techniques are, to some extent, comple-
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mentary; conventional methods being used for

the more complex laboratory analyses and radio-

isotope methods for simpler applications both in

the laboratory and on the production line.

Both radioisotope and conventional X-ray ab-

sorption analysis have equal sensitivity for assay

of sulfur, cobalt or tetraethyl lead in hydrocar-

bons. Thus it is reasonable to assume that for

this type of analysis (preferential absorption),

which is fundamentally limited to simple systems,

radioisotope methods should always be preferred,

now that long-lived sources of convenient energy

are available.
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COLOR RADIOGRAPHY

It must be stressed that color radiography is

not an attempt to show structures in their natural

colors. Its aim is to make small areas of change

in density more readily detectable by virtue of

color contrast.

Methods of producing color radiographs can be

divided into two groups—indirect (or simulated)

and direct.

Indirect Methods. The starting point is an

existing black-and-white (monochrome) radio-

graph. Three quite dissimilar methods have been

described

:

1. An adaptation of the Kodak Flexichrome

process in which colored dyes are applied by
brush to a special film and become incorporated

in the emulsion. Any structure shown on the film

can be given almost any color and such a presen-

tation might well be used for teaching purposes

(Dowdy and Bonann, 1953).

2. Color prints of radiographs can be made by
making a positive lantern plate of the original,

obtaining a negative plate from this by contact

printing, and enlarging these plates in succession

onto photographic color printing paper, each

plate being exposed through a different color fil-

ter (Bryce, 1955). The processed paper then yields

a two-color print of the original. By using one of

the plates for two different color exposures it is

possible, with appropriate masking, to introduce

a third color in a selected area. It is difficult to

get exact registration of the images from the two

transparencies but the resulting bas-relief effect

is not unpleasant.

3. A most ingenious technique is to use a color

television display. The original film is scanned

by a flying-spot scanner, i.e., the rapidly moving

spot of hght tracing a rectangular raster of 525

lines on the screen of a cathode-ray tube. Light

from the raster is focused onto an area of the

radiograph and the light transmitted through the

film is converted into electrical voltages by a

photomultiplier tube.' The resulting video signal

is gamma-corrected to give a linear transfer char-

acteristic from film to display screen. Depending

on the amplitude of the voltage at any instant it

is applied to either the red, green or blue control

electrode of a three-gun color television picture

tube or to a pair of these electrodes. The authors

describing this system (Fisher and Gershon-

Cohen, 1958) also use electronic contrast enhance-

ment, allowing the contrast of a selected portion

of the density range to be increased; this appHes

to both monochrome and color displays.

Direct Methods. These comprise techniques in

which the color radiograph has itself been exposed

to X-rays.

1. It is generally accepted that the first photo-

graphic color synthesis was achieved in about

1861 by James Clerk-Maxwell. He took three

photographs of a tartan ribbon, each photographic

plate being exposed through a different color fil-

ter—red, green or blue—so that the image on each

negative corresponded to the amount of that par-

ticular color in the original. Positive lantern
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slides made from these plates were projected by

three lanterns so that the three screen images were

in register, each slide being projected through a

filter of the same color as that used to produce it.

There is an analogy between color of hght and

"hardness" (penetrating power) of X-rays: both

are associated with electromagnetic wavelength,

extending in the case of light from roughly 4,000A

units at the blue end of the visible spectrum to

rather over 7,000A units at the red end. X-rays

used in medical diagnostic work range from about

0.1 to 0.5A units, the radiation with the shortest

wavelength being most penetrating and produced

by highest tube kilovoltages. This analogy was

used by Donovan (1951), employing a method
based directly on Clerk-Maxwell's experiment.

Three successive X-ray exposures of a subject

were made on separate films at high, medium, and

low tube kilovoltages. Three lantern shdes made
from these films were projected simultaneously in

register through blue, green, and red filters re-

spectively, thus building up a composite radio-

graph in color.

However, the analogy breaks down when con-

sidered more closely. The fallacy is that whereas

the short wavelengths of hght can be selectively

absorbed while long wavelengths are transmitted

(e.g., a piece of red glass), the short wavelengths

of X-radiation cannot be absorbed unless the long

wavelengths are absorbed also. The high kilo-

voltage, short wavelength radiation is responsible

to some extent for every tone on the film through-

out the whole range of densities.

2. Theoretically a nonphotographic method is

possible, based on the fact that certain salts such

as barium platinocyanide change color on expo-

sure to X-rays due to the elimination of their

water of crystallization. This color change, from
green to reddish-brown, was used at one time for

estimating radiotherapy dosage but the color was
unstable and required high exposures to produce
it.

3. A system using integral tripack color paper
or film has been described (Bryce). This type of

film consists of three layers of emulsion on a film

base with an antihalation backing. The top emul-
sion is sensitive to blue, the middle layer to green

and the deepest layer to red. These green- and
red-sensitive emulsions are unavoidably sensitive

also to blue, and a yellow filter layer is placed

between the top and middle emulsions to transmit

only green and red to the deeper layers. During
color development silver images are produced in

each layer and at the same time colored dyes are

formed in the vicinity of the developed silver

grains. The color produced in each layer is com-
plementary to the color-sensitivity of the emul-
sion, i.e., yellow, magenta and cyan appear in the

blue-, green- and red-sensitive layers respectively.

Subsequently the silver images and yellow filter

are bleached out, leaving only the dye images.

This process obviously gives a color negative

which can be used for producing color prints on
tripack printing paper.

Exposure of a film of this type to X-rays gives

only a range of blue-gray tones. However, if a

blue-fluorescing intensifying screen is in contact

with the emulsion during exposure, the resulting

image is brown. Ideally it would be yellow (minus

blue) but the direct action of X-radiation pro-

duces images in all three layers which degrade the

color. At the time of color development there is

a heavy silver image in the top (blue-sensitive)

layer and if the film is then exposed to red light

this will print as a positive latent image in the

red layer; further color development will produce

a cyan image in this layer. The end result is thus

an image which is brown where the X-ray expo-

sure was most and cyan where it was least. A
more pleasing result is obtained by using a green-

fluorescing intensifying screen giving a magenta
negative image. Exposure to red light as described

above then gives a color range from magenta to

cyan with blue in the intermediate portions. The
drawbacks to this method are that material is

costly, radiation dose is high, only two colors are

obtained instead of the ideal three, and scatter in

the intensifying screen causes color fringing at

high contrast boundaries. It has the merit that

only one X-ray exposure is needed.

4. Now that television systems of various sorts

are being used for direct radiography there would
seem to be no basic reason against adapting the

television color converter mentioned under in-

direct methods so that it could produce direct

color radiographs on the television screen. For
record purposes the image signals could doubtless

be stored on magnetic tape.
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COLOR RADIOGRAPHY AT ARGONNE NATIONAL LAB-

ORATORY

Radiography may expand faster through use of

color. Color radiography may improve phj^sical

measurements—for example, precise measurement
of thickness, faster film reading, and improved
crack location with use of agents such as pene-

trants and phosphors, according to Norman S.

Beyer of Argonne National Laboratorv, Argonne.
111.

Behind the potentially increased usefulness of

color radiography is the human eye's greater sen-

sitivity to differences in hue, compared to its sen-

sitivity to shades of gray. A secondarj' factor in

more use of color radiography is improved film

latitude (with detail and contrast preserved)

through hue change (Fig. 1). At present, conven-
tional X-ra}" machines and gamma-ray energy

sources, and conventional triple-laj-er color films

are used in color radiography (Fig. 2).
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Black

Fig. 1. Addition of hue (color) and saturation to

brightness justifies study of color in radiograph3\

X-ray beam

Specimen
Fluorescent

^ -»-— screen

:?— Film
Red

j
backing

Green f"*~Film emulsion
Blue J

m:Mm'~ 'f^^f./:^rr>:.'-] '{!;: :\,:_;y ;;; ,

.

— I^adfoil
J screen

Fig. 2. Exposure in color radiograph}^ uses this

arrangement. The fluorescent screen is a conven-

tional calcium tungstate screen.

Yellow ^•^
mottled /&. 1

' c

with orange

showing
' %

inhomogeneity
'S 'S

Vl\ cS

Thicknesses

:

Square foil .001 in.

Circular foils, each .002 in.

Fig. 3. Thickness measurement with color radi-

ography has high precision. Small differences in

thickness cause significant color changes, as shown
by uranium foils.

Color radiography's greater usefulness comes

from each of the three attributes of color—bright-

ness, hue, and saturation. In black and white radi-

ography, brightness differences are the source of

information. However, color radiographs are not

designed to display color differences normally' seen

by reflected visible light. Brightness, hue, and
saturation differences mainly show differences in

densit}', thickness, and tj'pe of material. Appear-
ance of the radiographs does not seem to vary as

transmitted energj" of radiation varies.

In making color radiographs, Beyer and Lapin-

ski have used X-ray energies ranging from 17 kv-

peak to 250 kv-peak and cobalt-60 and cesium-137

gamma sources. The X-rays pass through the sam-
ple and through a fluorescent intensifj'ing screen

made of calcium tungstate or another phosphor.

The radiation then passes through a color film

such as Ektachrome or Ektacolor and to a lead

screen.

Conventional Film Processing. After the film

has been exposed, it is processed in the usual man-
ner, except for one extra step in most color radio-

graphs. After partial development in the first de-

veloper, the film is exposed to a flash of colored

light. Be^'er found that red and green light give

the best final color radiographs though further

studies ma}' show other colors are better (Fig. 3).

He suggests that the image brought out in the

top emulsion layer after partial development is

printed on the lower two layers by the exposure

to colored light. The various hues and degrees of

brightness and saturation produced in each layer

by the X-rays, screen fluorescence, and colored

light exposure combine to give the differences in

the color radiograph.

Tlie step of interrupted development and expo-

sure to colored light in film processing is omitted

in making radiographs for crack location. In color

radiograph}' for crack location, Beyer applies a

low viscosity fluid containing a phosphor with a

small, uniform grain size to the sample surface.

Surface cracks are penetrated and filled with phos-

phor. The phosphors are similar to those used in

color television tubes and include P-22, a zinc

phosphate with manganese as an activator which
gives a red color, and P-7, zinc and cadmium sul-

fides with copper as an activator, which gives a

yellow color (Fig. 4).

Cracks Distinguished. With different phos-

phors on opposite surfaces, a color radiograph will

result which shows surface and internal cracks of

different colors. Among the examples prepared, a

P-22 phosphor gives a radiograph with cracks com-
ing to a surface colored red ; internal cracks are a

light blue and easily distinguished from solid por-

tions which appear dark blue.

With a conventional black and white radio-

graph, all cracks appear as gray images, and the

surface they are located on is difficult to deter-

mine. Normally, a tedious comparison is made of

the test sample and the radiograph. But with the

penetrant-color radiograph technique, images of

extremely fine surface cracks are easier to see than

with conventional black and white radiographs.

Other initial uses of color radiography are thick-

ness measurements, location of components inside
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Side A

Side B
Specimen cross section

Cracks filled with
penetrant containing

P-22 phosphor (red)

Cracks filled with
penetrant containing

P-7 phosphor (yellow)

Side A
Surface cracks

Red hue

SideB
Surface cracks

Light blue

Color radiograph with side "A'

ggainst color film emulsion

Interior
- crack

Light blue

Side A
Surface cracks

Light blue

SideB
Surface cracks

Yellow hue

Color radiograph with side "B'

against color film emulsion

Fig. 4. Not only the presence of cracks, but also their position can be learned with
color radiography. With fluorescent phosphors, different colors distinguish surface from in-

ternal cracks.

opaque housings, and measurements of homo-
geneity in solids. With uranium or zirconium

foils, large differences in hue result from thickness

differences of 0.001 in. Yet, color radiographs of

aluminum also distinguish by distinct hue differ-

ences V4-in. changes in thickness over a range of

2 in.

A color radiograph will show the mottled ap-

pearance of nonhomogeneous distribution of ura-

nium in a reactor fuel element by hue variation.

Such color radiographs should allow quicker read-

ing. For rapid film reading, dark adaptation of the

eye for color radiographs seems less important
than for black and white radiographs.

Most color radiographs have better radiographic

latitude—range of X-ray opacity visible on film

—

than do black and white radiographs, and retain

high contrast sensitivity of 2 per cent or less. Lati-

tude ma3^ be increased even more than is now
possible when methods are developed to analyze
the degree of color saturation.

Much work with color radiography needs to be
done. A color-designation system, such as the

C. I. E. established in France by an international

commission, or some specialized new one, would
aid in evaluating results.

Other areas of future work at Argonne include

study of different types of screens, special view-
ing methods, improved penetrants, different flash-

ing methods, improved processing, new emulsions,
autoradiography, and energy response.

Staff Report,

Chem. Eng. News.
Mar. 19, 1962, p. 48.

COLUMBIUM IN ALLOYS. See Phases, Non-Metallic

Chemically Extracted.

COMPARISON OF FILM AND ELECTRONIC TdETECTOR
TECHNIQUES. See Diffraction of X-Rays—Basic Appa-
ratus and Techniques.

COMPTON EFFECL See Attenuation, X-Roy.

COMPTON SCATTERING. See Scattering, Coherent and
Compton.

COMPUTER ANALOG. See Bone Mineral Content; Com-
puters, Optical Analog.

COMPUTER, DIGITAL. See Diffractometers: Programmed
Automatic.

COMPUTERS, ELECTRONIC DIGITAL, IN THE INTERPRETA-

TION OF X-RAY POWDER DIAGRAMS,* ESPECIALLY

IN PbF.

When one considers the application of electronic

computers to 'K-ray data, the very expeditious

* Presented by F. W. C. at Symposium, May
1960 in honor of Prof. G. L. Clark on his retire-

ment.
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and elegant applications to Patterson and three-

dimensional Fourier projections immediately

come to mind. However, much of the tedious

computation involved in the indexing of powder

diagrams can be programmed for computer calcu-

lation. In addition to rapidity, a high degree of

rehability is obtained. This is especially useful for

the accurate calculations which must be made m
the precision evaluation of cell parameters from

diffraction data.

In the discussion which follows we shall de-

scribe programs for the Datatron 205 Electronic

Digital Computer. This is a medium-speed, mag-

netic drum computer and is comparable with the

IBM 650 Data Processing System. Units of this

sort are widely available in the business offices of

both schools and industrial firms, and should gen-

erally be accessible to most if not all X-ray labo-

ratories.

A frequently desirable calculation, which can

be very time-consuming for crystals of low sym-

metry, is that of interplanar spacings for mate-

rials of known cell parameters. One must evaluate

the following equation

:

l_^ 1

d? 1 — cos^ a — cos^ /3

— COS^ 7 + 2 cos a cos /3 COS 7

— sin2 a + - sm- /3 + - sm- 7
or 6" t2

2kl
,

\- — (cos jS cos 7 — cos a)
be

Ih
,+ 2 — (cos 7 cos a — cos (3)

ca

hk
,+ 2 — (cos a cos |3

ah
cos 7)

in which h, k, I are the usual Miller Indices and

a, h, c, a, jS, 7 are the cell parameters for a tri-

clinic crystal. Employing a computer, this is best

accomplished by an internal generator which gives

all h, k, and I values over a specified range and a

sieve which removes those not found because of

space-group symmetry. It is actually simpler to

treat all more symmetric crystals as special cases

of the trichnic system, and the evaluation pro-

ceeds at about one second for each plane.

Corrections for absorption and beam divergence

are usually small for substances of low atomic

weight when Cu K« or Mo Ka radiation is used.

However, these corrections may be appreciable

for diffraction at small angles if the specimen con-

tains substances of high atomic number. In a

study of the system Pd-Hg, the absorption cor-

rections were so large that failure to make them
would have hindered successful appHcation of Ito's

method for indexing the powder diagrams. Per-

haps the most satisfactory method of making the

absorption correction is the use of a carefully

chosen internal standard. The necessary precau-
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tions concerning the choice of an internal stand-

ard are described by James (1948). The particular

method used was an application by Toranti and

Zannetti (1955) of a method essentially due to

Taylor and Sinclair (1945) as well as Nelson and

Riley (1945). In this case one calculates the the-

oretical value, sin dr , from known cell parameters

for the internal standard. Then for each diffrac-

tion line the observed, or experimental value, sin

Oe is measured. A plot of

R = sin ^r/sin ds versus
1 /cos^e cos^A

2\sin0 d )

is linear. The background for this correction is

reviewed by Azaroff and Buerger (1958). The

computer program actually calculates the best

least-squares fine and the mean square error. This

latter quantity gives an indication of the accu-

racy of the correction. This equation for the fine

then is used to calculate R for each diffraction line

of a component for which absorption corrections

are desired. It is then possible to obtain, since

sin Be is known, the value of sin Or • Bragg's equa-

tion then allows calculation of the interplanar

spacing corrected for absorption. The calculation

is quite rapid and a pattern containing sixty dif-

fraction lines for the component whose corrected

spacings are to be calculated can be processed in

three minutes. This correction done either by

hand calculation or by graphical methods is very

time-consuming.

Ito's method is a systematic method for index-

ing powder diffraction diagrams. Ito's own descrip-

tion (1950) together with a detailed discussion by

Azaroff and Buerger (1958) must be consulted for

details of the method. In outline it assumes all

patterns are from triclinic crystals and then, on

the assumption that the first three diffraction lines

are 100, 010, and 001, attempts to index the pat-

tern. The final result of this attempt is, in success-

ful cases, a cell which must then generally be re-

duced to give a unit cell corresponding to the

usual crystallographic conventions. Both phases

of this problem with alternative choices, when

necessary, of the three initial lines have been pro-

grammed. As an example the pattern of PbFo w^as

indexed. The diffraction data were corrected for

absorption. About fifteen minutes were required

for the calculation, and the reduced cell is fisted

as follows

:

a = 3.91 A

h = 6.51

c = 7.66

a = 90.13°

/3 = 90.02°

7 = 89.85°

These values are then compared with the known

orthorhombic cell of PbF.. as determined by Swan-

son et al. (1955)
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3.8990, b = 6.442r 7.6514

A

at 25°C. The values obtained for the cell param-

eters from Ito's method (as programmed for the

computer) are not the best obtainable from the

diffraction data. They rest on the spacings of

lines at relatively small angles. The spacmgs are

not determined with precision usmg the usual

powder techniques.

The problem of the best values of the cell pa-

rameters introduces the question of criterion for

the best values. For our purposes we choose to

make the sum of the values of (l/d^ observed -

1/d^ calculated)' a minimum. We, however,

weighted the input data since the measurement of

d for lines of small diffraction angle is not so

accurate as for those in the back-reflection region

when the Cu Ka doublet can be resolved. The

particular weighting factor used was the ratio of

length of the measured film distance to the longest

film distance measured on the diagram. Of course,

as everyone knows, some lines are sharper and

easier to measure than others. No really satis-

factory method seems available to correct for this

except measurement by different observers and

arbitrary rejection of lines whose repeated meas-

urements show large deviation. Mueller, Heaton,

and Miller (1960) have used a weighting factor,

l/sin'' 261, which reflects the error in final calculated

results from an error in measurement. As they ob-

serve, however: "Experience thus far indicates a

weighting factor usually gives a better fit with

smaller standard error; however, exceptions have

been observed." It would thus seem that observa-

tional errors in locating the position of the dif-

fraction Hne may then exceed the instrumental

uncertainties.

The actual correction was made by expansion of

the expression for l/d\ for the crystal system in

question, in Taylor's series followed by retention

of only the linear terms. A first order correction

can then be made using as a starting point ap-

proximate values of the parameter calculated from

a few lines or from the output of Ito's method.

The first correction is then used as the input for

a second correction and so on until these param-

eters converge. An example of this for PbF2 is

given in the following table:

Orthorhombic Parameters of PbFo

0*'^ Approximation
1^*^ Approximation
2'1'^c Approximation
3'"'^ Approximation

3.911

3.896

3.896

3.896

6.512

6.447

6.448

6.448

7. 660

A

7.653

7.653

7.653

Small arbitrary variations of the O**" approxima-

tion do not vary the final result though they may
vary the rate of convergence. These values are

seen to be in better agreement with Swanson's

values (a = 3.8990, b = 6.4421, c = 7.6514) than

those obtained from the programmed Ito's method
(Table I). Mr. Swanson (1960) advises us that he

COMPUTERS FOR GAMMA SPECTRA

uses a similar fitting method employing the IBM
704 at the National Bureau of Standards without

however weighting the input data.

We have programmed such "best fits" for cubic,

tetragonal, orthorhombic, and monochnic crystals.

The actual running time varies with the crystal

system and amount of data in question, but an

average value for the monoclinic case (slowest) is

about one minute per iteration. These "best fit"

corrections are relatively easily made by a com-

puter, but are quite impractical for three and

four parameter systems if made by hand calcula-

tion.
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COMPUTERS, HIGH SPEED APPLICATION; TO THE ANALY-

SIS OF COMPLEX GAMMA SPECTRA*

The widespread use of the gamma scintillation

spectrometer for the isotopic analysis of mate-

rials in the nuclear energy field has led to analj-ses

in which five or more isotopes are determined in

a sample mixture. The quantitative analysis of a

mixture of isotopes involves the solution of a set

of simultaneous equations in which the individual

isotopic concentrations are the unknowns. The

solution of a set of equations in five unknowns is

* Work performed under Contract 7^AT(45-1)-

1350 between the Atomic Energy Commission and

the General Electric Co.
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a tedious and time-consuming procedure by hand
calculation methods, oftentimes leaving the solu-

tion open to cmestion. The procedure involves the

repetitious multiplication of the peak areas of the

individual isotope photopeaks obtained from a

spectrum tape with each of the elements of an

inverted matrix followed by conversion to activ-

ity per unit volume.
A high-speed computer may be programmed to

perform all operations once the peak area of each

isotope is determined by inspection of the digital

printout from the multichannel analyzer. A 7090

computer has been programmed to solve gamma
spectra up to an 11 element matrix. The program
can be expanded so that all data accumulation,

calculations, and interpretations are performed bj-

the computer. The quantitative method used is

based on the incremental method using simultane-

ous matrix solution. Other systems for solution of

simultaneous equations may be used to speed up
calculation processes.

Data Accumulation. Codes. Data are accumu-
lated on a multichannel analyzer using a digital

printout giving both channel identification and
total count per channel. The analyzer is calibrated

for a total of 59 isotope photopeaks. Correction

factors are applied for the percentage contribu-

tion each isotope makes to other energ.y peak
areas. Each isotope peak area is assigned a num-
ber of channels on the printout which represents

the photopeak area of the isotope. The data are

entered on an instruction form for the key-punch
operator using the following codes:

1. Isotope code which contains the energy of

the gamma, the isotope symbol, and the

atomic weight. If two or more gamma ener-

gies are used, the energy identification will

indicate this.

2. Isotope number which corresponds to the iso-

tope code and which indicates the row and
column of the matrix represented by the iso-

tope code.

3. Isotope peak area is the sum of the counts
in the total number of channels assigned to

the isotope.

4. Isotope peak position indicates the first

channel of the peak area. This number is a

constant, but it is used in case there is a

shift in the peak area.

5. Isotope spectrum is used to indicate the

consecutive order of each channel, from
channel 4 to channel 256, with its associated

counts.

6. Isotope conversion factor which converts
count per unit time from the peak area to

microcuries of the particular isotope which
represents the peak area.

7. Isotope half-life appHes a decay correction

factor.

8. Isotope percentage contribution is a measure
of the contribution which one peak makes to

the peak area of other isotope peak areas.

Isotope Peak Area. The formula used to deter-
mine photopeak areas is given by

:

h \ T, Tt )
(1)

where
i = channel number,

ci = counts in channel i,

bi = counts in background tape for channel i,

f = first channel number of photopeak area,

n — number of channels for the photopeak
area,

?n = isotope number.
Ts — count time of sample spectrum,

Tb = count time of background spectrum.

The presence of uranium, plutonium, or other

gamma-emitting material as a major constituent

requires that a correction be applied for the con-

tribution their gamma radiation contributes to

the background. Gamma spectrum tapes contain-

ing the gamma spectrum of known quantities of

these materials are obtained from the multichan-

nel analyzers, and punched cards are prepared

containing this information. Chemical analj'ses

are made on the samples to determine the con-

centration of uranium or plutonium and this

information is placed on punched cards and sub-

mitted with the spectrum tapes. Normal back-

ground is also put on punched cards. The sample
spectrum can then be corrected by having the

computer perform a channcl-by-channel subtrac-

tion using the two background correction punched
cards to give sample spectrum corrected for back-
ground and major constituent material present.

Master Matrix Setup. The analysis of a com-
plex gamma spectrum leads to a set of simul-

taneous equations of the type

:

aiiA'i + auX^ + QiaA's + • • • + amXn = C\

OsiAl + OooXo + 023^3 + • • • H- aonXn = Co
(2)

a,nXl -f aniX-: + Cr„3A'3 + • • • + QnnX, Cn

where
i and ;', respectively, represent the rows and
columns of a matrix.

aij = percentage contribution of each isotope

to a preselected number of channels.

C^ = total photopeak area, in counts per unit

time, from tape.

Xj = actual counts per unit time for each iso-

tope as derived from mathematical
system.

A matrix equation of the form:

AX^ = C' or Xt = C*A~^ in'the' inverse form (3)

may be written in which A is the coefficient

matrix (ciij), X is the vector representing the
Xjn in counts per unit time, C is a vector repre-
senting the Cin counts per unit time and t indi-

* Add one scaler from the multichannel analyzer
necessitates 1 to be subtracted from each chan-
nel.



163 COMPUTERS, OPTICAL ANALOG

cates a transposed vector from the row form to

the column form.

The symbol bij is introduced to designate the

elements of the inverse matrix A~^, such that

.. = ^* (^)

where
|
Aji 1

* is the cofactor of ai, in the coeffi-

cient matrix A, and
|

^4
|

is the value of the de-

terminant of the square matrix A. This leads to a

solution of the form

where A, X, t, and C have the same meaning as

indicated in Ec^. (3). Written in the long form
Eq. (7) may be shown as

or

(5)

(6)

X = A-'C

bnbnbn • •
•

&21622&23 • •
•

hnlhn-lhni ' "
'

which is simply a statement of a vector multipli-

cation of Ci with the element hi^ of the inverted

matrix A~^.

A large number of inverted matrices should be

set up for all anticipated combinations of iso-

topes.

Once each Xj has been obtained, it is then

converted to microcuries or a similar unit at the

time of the analysis and a decay factor is next ap-

plied to convert the activity to time zero. The
computer can be instructed to perform any fur-

ther calculation necessary to present the data in

the desired form.

Thus, in this system the trained analyst selects

the required input data, giving the computer the

information as to which matrices to use. The com-
puter then solves the problem.

A more advanced program for the computer
uses the computer to calculate its own master li-

brary. A complete library is built using the com-
puter to calculate all constants and to build a

master matrix. The master library contains over

11,000 constants of which 96.5 per cent were cal-

culated by the computer for the 59 photopeak sys-

tem, the remaining constants being half-lives,

energies and other fixed data. An infinite series of

submatrices can be selected from the master ma-
trix library as directed by the input data. Thus,

any combination of photopeak areas may be

analyzed by instructing the computer to select

the proper submatrices, as indicated by the Ci

values, by use of the input data. In this way, veri-

fication of the qualitative and quantitative aspects

of a particular isotope may be obtained by cross

checking with other photopeak areas of the iso-

tope.

The computer system as described above does

not go through the inverted matrix calculation

which is used for the combination man-machine
method as outlined in the section on "Master
Matrix." Instead, the computer program is set up
using the matrix equation in the form

ananau

(Z2I 022^23

ttln

Cl2n

asn

\x. 1 'Cr
]

X2 C2

X3 = c.

Xn^ c.

AX' = C' (7)

^anian-zttra- CLnn

Suggested Use. Complete utilization of com-
puter potential can be realized if the computer is

programmed to record, digest, interpret, and cal-

culate the entire analysis. Once the data have been
calculated, the computer can be programmed to

interpret the data and print out the best solu-

tion. If a solution gave a negative result, the com-
puter would reject the negative data and recalcu-

late the results. This process would be repeated

until the most logical solution was obtained as

determined by the programmer.
The determination of short half-lived isotopes

is complicated by the presence of gross amounts
of long-lived material. A spectrum stripping sys-

tem using the sample spectra taken at two 'differ-

ent time intervals may be used to estimate the

amount of the short-lived isotope. In this scheme,

the gamma spectrum for the sample is prepared on
the analyzer and the data are put onto punched
cards, punched tape, or magnetic tape. The
gamma spectrum for this same sample is pre-

pared several days later and is placed on the

appropriate computer data input system. The
computer then performs a channel-by-channel

subtraction of the second sample spectra from the

first spectra leaving behind only the short half-

lived peaks plus a small amount of the longer-

lived material, depending on the half-life of the

isotope. In this way it is possible to reveal iso-

topes which otherwise would be undetectable.
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COMPUTERS, OPTICAL ANALOG, AS AIDS IN X-RAY

STRUCTURE INVESTIGATIONS*

There are two possible means of analysis of the

corrected scattering intensity distribution, 1(b),

* Translated from the German by Mrs. Margaret
Pfiuger, Department of Chemistry, University of

Illinois.
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Fig. 1. Use of optical analog computers in X-ray structure investigations

which is obtained from the electron density dis-

tribution of the investigated structure p{x) by
X-ray diffraction (Fig. 1). (1) The square root of

the corrected intensity function 7(6), which is

the absolute square of the scattering amplitude,
can be taken and from the "trial and error"
method the phase term e^^ can be derived, and
thereby the scattering amplitude R{h) itself can
be determined (phase problem). From R{h) the
electron density distribution p{x) finally results
by Fourier-inverse transformation:

>(:r) = £ R{h) e-^2>r;x6 ^^r, , dl% = dhidh^clh, (l)

where x and h are the position vectors in the phys-
ical as well as in the Fourier space. (2) The other
way leads through a direct Fourier-inverse trans-
formation of 7(6), the so-called Patterson-syn-
thesis, to the generalized Patterson function
Q{x), which is equal to the fold (Faltungs)
square p{x) of the electron density distribution
p{x).

Q(x)

Qix)

+00

7(6) e+2pjx6 dvb (2)

+ 00

p{y)p{x -\- y) dvy = p{x)p{-x). (3)

A number of statistical structure parameters can
be obtained by the generalized Patterson function
Q{x). The detailed mathematical basis of the
Fourier transformation and of the fold calcula-
tion will not be discussed here, but rather
reference may be made to the article on fold
integral (p. Ill) and to the book by Hosemann.i
The determination of a structure from the ex-

perimentally obtained intensities requires a very
large amount of numerical calculations. This work
can be reduced to a reasonable amount by reduc-
ing the amount of mathematics and by mechaniz-
ing the calculations. Especially important in this

case are the light-optical analog computers. Com-
pared with other widely used methods which re-

quire considerably more work, as for example
digital computers, they possess the advantage of

being able to give very fast and clearly presented
results even if they are often not as exact. They
are especially suitable if only a general view of the
expected structure is to be obtained.

Four new light-optical instruments which have
proved themselves in structure determinations
shall be described. With these 4 analog computers,
the diffraction apparatus, the Fourier Summator,
the Fourier integraph and the Faltungs apparatus,
the entire X-ray diffraction investigation and its

analj^sis can be optically reproduced as is seen in

Fig. 1. A method for the phase determination in

Fraunhofer diffraction patterns of one-dimen-
sional objects by interferential overlapping of a

comparative phase over the optical diffraction

pattern of the test object is described in a recent
work by Boersch et al.^ This is restricted to at

most two-dimensional structures or two-dimen-
sional sections and projections of the reciprocal

lattice, but this is a minor disadvantage since a

conversion to three-dimensional systems can be
easily done with geometrical interference theory.

The Diffraction Apparatus^. This instrument
is the most important instrument for the so-called

diffraction microscopy which is concerned with the
photography and the hypothesis-free evaluation
of the Fraunhofer diffraction patterns. Since the
X-ray diffraction from a sample is analogous to
the optical diffraction from a two-dimensional
model if one sets the transparency function of the
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Hg lamp Filter Lens Collimator Lens Model Lens

Fig. 2. Ray diagram in the diffraction apparatus

Photoplate

electron density distribution equal to a two-di-

mensional structure, it is possible to determine

quickly the expected interference diagram from

an assumed structure.

The green Hg line (X = 546 m/x) filtered out of

the light of a Hg low-pressure lamp is focused by

a condenser on a point diaphragm (Fig. 2). The
light which is emitted is collimated by a lens hav-

ing a long focal length and then illuminates the

photographically reproduced structure model

where it is diffracted. With a second long focal-

length lens the diffraction pattern is projected

onto a photographic plate. The relationship be-

tween the scattering angle (26), the reciprocal

position vector amount
|
6 |, the wavelength X,

the focal distance / and the distances D on the

diffraction pattern is given by

D

\b\

tan 26 = 26

2 sin 6 26

X X

D

(4)

(5)

The two-dimensional models of the structures

are drawn to a large scale, where the single "build-

ing blocks" are represented by circles and small

rods and then photographed. Since the number of

the "building blocks" is very small in comparison
with actuality, so-called "ghosts" appear. Figure

3 shows a two-dimensional model superstructure

and its diffraction pattern as an example of a

diffraction photograph.

The Fourier Summator. The "photosom-
mateur harmonique" (q.v.) of V. Eller^ is used for

the summation of two-dimensional Fourier sums
of the type

g{x) = Y. Gi(b) cos (2wxbr - a,) (6)

according to a photographic method where at the

end of the summation the level line picture of

g(x) is obtained in the form of a blackening dis-

tribution on a photographic plate. It is therefore

suitable for the calculation of Patterson projec-

tions,

P(x) J2 I

Riib) P cos (27rxbi)

Bragg projections

P(x) J2 I

R^(b) \' COS {27rXb^

and difference projections of Cochran (1951)

B^ b-" n1

(a) (b)

Fig. 3. (a) Two-dimensional superstructure, (b) Its diffraction pattern
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Ap(x) Pobs (x) Pealed ix)

Z \RiohAb) - Ri .(6)1

cos (2TrXb; iih))

A linear, vertical light source projects the sha-

dows of a raster onto a photographic plate of the

size 18 X 24 cm with a blackening distribution of

sine wave shape in the horizontal direction (Fig.

4). The periodic length of the shadow of the raster

on the photoplate is determined by the distance

of the sine raster from the light source. The phase
a is inserted by shifting the raster parallel to the

photographic plate. The exposure time is chosen
according to the amplitude Gib) and the different

directions of the vectors 6i are taken into con-

sideration by rotation of the photoplate over the
corresponding angle for each exposure. Since

cosines can be negative and since negative light

intensities do not exist, the value 1 is added to

both sides of Eq. (6). This produces on the photo-
plate a regular background proportional to

zlGiib) which for the interpretation is without

importance.

In carr^'ing out the transformation, the Fourier

sum, that is, for example, a reciprocal lattice, is

drawn to a suitable scale. This is put on a rot at able

plate which is firmly connected to the photoplate

holder (Fig. 5). The values of Gi and ai are re-

corded at the corresponding lattice points. A slid-

ing pointer with a cross hair can be moved ver-

Linear light source Raster Photoplate

Fig. 4. Principle of the Fourier-Summator of von Filer

Fig. 5. View of the Fourier-Summator with the cover removed: (1) light source, (2) sine

raster, (3) rotatable plate which carries the photoplate, (4) phase setter, (5) timer, (6) plate

with the reciprocal plane, (7) movable cross hairs, (8) raster setter.
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tically along the diameter of the plate. Its

distance from the center of the plate is propor-

tional to
I

6 |. The distance between the raster and
the light source changes with the movement of the

sliding pointer. By rotating the plate and therefore

also the photoplate, each reciprocal lattice point

can be adjusted under the cross hair. The distribu-

tion function, for which one is looking, is obtained
on the photoplate by investigating all points of

(a)

(b)

Fig. 6. Phthalocyanin : (a) projection made with
the apparatus of von Eller; (b) the calculated
electron density distribution.

the reciprocal plane. Figure 6 shows a picture of

phthalocj^anine taken with this apparatus and the

calculated electron density distribution is shown,

in comparison.
The Fourier Integraph^. In the theory of

liquids and paracrystals (q.v.) the relationship

between the corrected intensity function and the

fold square of the electron density distribu-

tion, Q{x) is given by integrals of the type

Q(x) r Kb) e^'^i^^ dvb

[

+ J

Kb) cos {2wxb) dvb (2a)

/:
7(6) sin {2irxh) dvb

where the two last parts are designated as cosine

as well as sine transformed values of 1(b). The
Fourier integraph allows one to determine one-

dimensional integrals according to Eq. (2a) by a

photomechanical method.
First of all a pattern (18 X 18 cm) is photo-

graphically produced from the function to be
transformed, lib), and this is placed in front of a

planar light source having a constant surface light

density (Fig. 7). The integral intensity of the

light beam penetrating the pattern is measured by
a photocell from a distance of about 1 cm; it is

linearly amplified and registered on an ammeter.
Between the pattern and the photocell stands a

photographically produced raster the blackening

of which varies sinusoidally in a horizontal direc-

tion. Thereby the light beam will be varied in such

a way that it is proportional to the sine as w^ell as

the cosine transformed from 7(6), depending on

the adjusted phase of the sine wave of the raster.

In moving the raster between the photocell and
the function pattern, the photocurrent will indi-

cate the relative values of the integrals depending
upon the position x of the raster. By connection

with a recorder one can directly plot the relative

course of the transformation curve. If the values

for the function to be investigated are negative

Light source Ground-glass
disk -|- pattern

Raster

m

Photocell

Fig. 7. Schematic diagram of the Fourier-Integraph
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One-dimensional Paracrystal

(total statistics;

A i-i'TiMrO)

M%

*0K

Fig. 8(a) Calculated total statistics of a one-dimensional paracrystal, with Gaussian interval

statistics without the point function in the origin, (b) Picture of the patterns used with the

positive and negative function values of the above total satistics. (c) The lattice factor, the

transformed value of the total statistics represented in (a).—calculated; . . . measured.

(b)

and positive, it is necessarj^ to make separate pat-

terns for both since there are no negative trans-

parencies and the transformations are done separ-

ately. The addition of the two transformed values

gives the value for the sought-for transform. The
accuracy of this apparatus is relatively great so

that it can compete with other nonoptical analog

computers. The measured values of the transfor-

mation of liquid intensity curves show a standard

deviation of 1 per cent of the maximum amplitude.

Figure 8 shows the entire statistics of a one-di-

mensional paracrystal, its transform and the

function patterns used.

The Fold (Faltung) Apparatus^ With this

apparatus one can obtain optically from an

electron density distribution p(x) its correspond-

ing generalized Patterson function Q(x), that is,

the fold square of p(x). This is of importance

if one made conclusions about p(x) from Q{x)

which one would then like to reverse check by
forming the optical fold square from p(x). Each
of the two-dimensional functions which are to

be folded with one another is described by the

transparency of a photoplate. One of these model
structure plates gi(x) is put directly in front of a

planar light source having a constant light density

over the surface, and in front and parallel with this

plate a second one g-2(x) is put at some distance

away. If one considers first only a bundle of
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Transform of the Paracrystal

(Lattice factor)

parallel rays (Fig. 9), thus the first model struc-

ture plate, gi(x), transmits from the incident light

beam, to , only the fraction, ioQiix), which then

strikes the second plate, but compared with the

first plate shifted by the amount y. But this second

plate limits the light beam again so much that

only the amount iogi(x) gi{x + yi) remains which

is focused by a lens to one point of its focal plane.

The integral intensity in this point is then

^'o / g\ {x)g2ix + yi) dx (7)

in dependence on the shift yi . The remaining

points in the focal plane result then from the use

of other possible parallel light beams, that is for

all possible shifts yi .

If the model structure plates gi and g2 are identi-

cal, g{x) = gi{x) = g2{x), one obtains the fold

square of g(x) according to Eq. (3). If one wants

to obtain the folding product of the functions

gi(x) and g2(x) the second model structure plate

has to be made.

gi{x)g2(x)
I

gi(x)g2(y - x) dx. (8)

The result of the folding can be viewed either by

means of a ground glass plate lying in the focal

plane of the lens or be registered on a photographic

plate or be measured with a photocell. Various

enlargements can be obtained by use of lenses of

differing focal lengths and by changing the dis-

tance between the two model structure plates.

M^dtU

flotitthhafU

<ii + v^)ol)i

Fig. 9. Ray diagram of the Fold-apparatus
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;v>y>

.

ft

Fig. 10. Fold square of the two-dimensional su-
perstructure shown in Fig. 3(a).

Figure 10 shows the fold s(iuaro, the Q func-

tion, of the superstructure represented in Fig. 3a.
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COMPUTER TECHNIQUES IN PROCESSING ALL TYPES OF
X-RAY DIFFRACTION DATA

Since the discover}- of X-raj^s bj^ Roentgen
(1895) and subsequent advances in both theory
and practice by earlv workers such as von Laue
(1912), Bragg (1913), and Ewald (1921), X-ray
diffraction has become one of the most powerful
tools used today in helping to understand and ex-
plain the character and nature of the solid state.
The solution of various problems by X-ray diffrac-

tion has in man}- cases been hindered b}-- the fact
that data analyses and evaluations were often
laborious and lengthy procedures. Two such time-
consuming solutions come immediately to mind;
determination of crystal structures and diffraction
line shape analyses utilizing Fourier series. With
the advent of computer facilities, man}^ of these
solutions now become feasible where before the
repetitive calculations for a given problem would
have required months if made b}- hand methods,
i.e., a desk calculator. Many of the mathematical
solutions based on X-ray data and the reduction
of such data have been successfully programmed
for computers; hence workers in X-ray diffraction

arc not necessarily limited by the time required
for lengthy and repetitive calculations or for the
reduction of raw data into manageable forms.

Prior to 1950 only a few crystal structure de-
terminations of complex materials were published.
The deterrent for doing more complex crystal

structures was not lack of the theoretical basis,

l)ut rather the means and methods of evaluating
the mathematical expressions used in interpreting
diffraction phenomena. The general availability

of electronic computers since 1950 has done more
than any other single thing to enhance and im-
prove the scientific significance of single crystal

X-ray structure determinations. Crystallographers
are now able to devote more time and effort to the
imderstanding of chemistr}- and ph3^sics of mate-
rials through elucidation of the structure of

matter, rather than laboriously grinding out
answers of arithmetic functions from repetitive

type manipulations.
As a specific example of types of mathematics

and comparative times involved in some crystal

-

lographic calculations, let us cite the single-

cr3'stal structure determination of n-decanamide,
an organic long-chain paraffinic compovmd whose
structural formula is given below:

Ho
I

C

H3

o H2 Ho H2

(1)

The atomic positions and the thermal motions
of this molecular species were refined by two-di-

mensional Fourier synthesis methods (see Fourier
Methods). The two-dimensional electron density
distribution function p(x,z) for this compound,
has the following expression:
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p{x,z) = I] J2 Fhoi
A(^x,z) h I

exp [-"(^7)]
(2)

The evaluation and subsequent plot of this elec-

tron density function is commonly called a "Four-

ier." Eq. (2) is rather simple and straightforward,

crystallographically speaking, because the sym-

metry of the space group of the compound, P2i/a,

necessitates using only the real portion of the ex-

pression. This reduces to the double summation of

a product of a function of experimentally observed

intensities F(obs)hoi (see "Crystal Structure Syn-

thesis: Basic Theory and Procedures" (Attard).

and a cosine term of a sum hx/a + Iz/c, where

h and I are Miller indices, x and z are coor-

dinates of the points on the electron density

map to be evaluated, and a and c are unit cell

axial lengths. Resultant atomic positions from

the plot of such an electron density distribution

would then be used to calculate structure factors,

i^(caic)hoi where:

F(,^^\,)m = Xl exp i-2mn)fn

•exp

(3)

We define /,! as the atomic scattering factor (form

factor) and Xn and Zn as coordinates of the ri^^

atom. These two types of calculations, namely

Eq. (2), a "Fourier" and Eq. (3), "structure

factors," will be considered to constitute one re-

finement cycle and are listed here as representative

equations and operations to give the reader an

insight into the type of calculations involved in

single crystal structure determinations.

To do what is referred to as "doing the struc-

ture by hand," i.e., using an electric desk calcu-

lator and a set of trigometric function tables, one

refinement cycle of the structure determination

of decanamide took approximately one month or

240 hours to complete, provided the contributions

of the 21 hydrogen atoms were neglected and an

over-all temperature factor (see Temperature and

Other Correction Factors) was employed. With
the advent of an electronic computer of the early

1950's, namely the IBM 604, one refinement cycle

was calculated in 8 hours of machine time.

By the mid-1950's, the medium-sized electronic

computers such as the IBM 650 were available and

the machine time necessary to do one refinement

cycle was only 8 minutes. Some present day large-

sized computers would now require less than half

a minute to calculate the same refinment cycle.

The example cited gives a time-saving factor of

1800 to 1 by using only a medium-speed digital

electronic computer as compared with hand calcu-

lations. This is quite noteworthy if one realizes

that it took 17 refinement cycles to arrive at the

crvstal structure for decanamide with an R corre-

lation factor (see "Intensities, Integrated X-Ray
Diffraction" (Chessin), of just under 10 per cent.

Elementary Concepts of Analog and Digital

Computers. A computer may be defined as any

mechanical, electromechanical, or electrical de-

vice that transforms an input signal or movement
into an output function or value, according to the

built-in design of the device or program supplied

by the user.

Analog Computer. An analog computer is a

device which may, in general, be characterized by

the following:

1. Input and output are supplied and received as

continuous functions as opposed to discrete

bits or increments.

2. A direct linkage between input and output,

although
(a) the linkage may be mechanical and/or

electrical,

(b) there may be time delays due to fluid

couplings or due to response time, and

(c) various internal operations may proceed

in parallel.

3. Problem solution time is usually quite short

even for complex problems. The time to

build or preset the function switches is quite

long.

Hence, a wTist watch is an example of a me-

chanical analog computer. The user may set the

time on the output dial by supplying a starting

input datum merely by twisting the stem of the

watch and moving the hands to the desired posi-

tion. The stored energy of a wound spring is trans-

formed into rotatory motion of the internal gears

and wheels which provide a continuously varying

predetermined output displayed by the changing

position of the hands on the dial. Other examples

of analog computers include slide rules, planime-

ters, pantographs, strip chart recorders, circuit

network analyzers. World War II antiaircraft fire-

control devices, and differential analyzers. Me-
chanical analog computers can perform addition

by coupling linear gears with a connecting worm
gear; multiplication by sliding linked arms similar

to those used in pantographs; integration by

utilizing specially cut cam and follower devices.

Likewise, electromechanical devices such as servo-

mechanisms can be used for adding and multiph'-

ing, and thermionic tube characteristics may be

used to evaluate logarithm response functions.

Digital Computer. A digital computer is a

device that may in general be characterized b}' the

following:

1. Input and output are supplied and received as

discrete bits or pulses.

2. Basic operations are performed serially, one

at a time.

3. The procedure or program for performing the

basic operations is readily changeable, func-

tionally speaking, although the time to per-

fect such a procedure may be quite long.

A simple digital computer is a person counting

with his fingers. The actual operation of moving

the fingers is simple and straightforward but the

programming is complex in that years of maturing
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and educating the instrument were required in

order to allow it to work functionally. In this case

the instrument is both the fingers which serve as

the bits in the arithmetic unit of a digital com-
puter and the brain and eyes which serve as the

memory matrix and as the input /output medium,
respectively. The majority of digital computers,
even the extra-large digital computers, can recog-

nize only two bits of information, namely and 1

in the binary system notation. This arises from
the condition that a switch, tube, or transistor in

the logical unit of a computer works reliably in

only two modes, on or off, i.e., it is either conduct-
ing or not. The utility of such simple-minded
devices is that they can do this operation exceed-
ingly fast, less than a microsecond in some com-
puters, and, at the same time, do it very preciseh'

and without fatigue for long periods of time.

Electronic digital computers may be taught to

perform many complex and sophisticated func-

tions such as multiplying, making logical choices

and selecting various branches of internal pro-

grams, interpreting formula languages, and pat-

tern recognition—even deciphering handwriting.
The user of such a computer usually does not con-

cern himself with the initial or bootstrap learning

of a computer, but rather the usual programmer is

interested in only the second or third generation
of internal instructions or codes. These codes allow

the user to obtain output data by supplying input
data and programs in a prescribed manner based
on either a system of internal function codes or a

mathematical formula translation language such
as FORTRAN.
Computers Used by X-ray Crystallojira-

phers. Computers used for crystallographic

problems range from simple slide rule type analog
devices for computing structure factors (Fisch-

meister and Niggli, 1960) to elaborate electronic

analog facilities such as the X-RAC at Pennsyl-
vania State University for computing and display-

ing on a cathode ray tube screen a two-dimensional
contour map of a "Fourier" function (Pepinsky,

1947). With the digital devices, the range is from
summing (with a desk calculator) appropriate
values of trigometric functions compiled on strips

of cardboard (Beevers and Lipson, 1936) to large-

scale data processing complexes such as the com-
mercially available IBM 7090 or multimillion

dollar, high-speed large storage data processing

devices such as "Stretch" at the Los Alamos Sci-

entific Laboratory. Confronting each crystallogra-

pher and crystallographic laboratory is the de-

cision to balance their requirement of size, speed,

use, and availability of computing equipment
against the cost or rental of a computer or comput-
ing facility. A list of digital computers used by
X-ray crystallographers is tabulated in Table 1,

as recorded in Acta Crystallographica through
January, 1962, and in the report of the Second
Conference on Computing Methods (Pepinskv,
1961).!

Computer Programs. Crj^stallographic pro-

grams are coded in machine languages such as

SAP and CODAP and in pseudo machine-inde-

pendent languages such as FORTRAN and
ALGOL or in combination of both types. Some
programs such as the determination of bond
lengths may be written and debugged within a

few daj^s while others such as full matrix least

squares, Fourier series, and structure factor pro-

grams ma}^ take several man-years before becom-
ing fully operational.

Table 2 is a partial list of the type of crystal-

lographic problems programmed for computers.

There are well over 200 computer programs
written for crystallographic problems and most
of these are available through direct corre-

spondence with the authors. The American
Crystallographic Association Mark I Computer
Program Listing (1960) has compiled many of

these programs, including the program function,

type of machine, authors, and availability. A
revised program listing is to be published in 1962.

However, in the past, the benefit actually derived

has not generalh' been as great as expected from a

first reading of such a voluminous collection of

programs. It is because of the great diversity' of

crystallographic problems and the rapidity of

changes in computer technology and hardware
that individual laboratories are required to devise

and author their own programs for their present

computer facilities. The exception to this state-

ment appears to be in the widespread utilization

of a least square refinement program written by
Busing and Levy (1959 )2 at the Oak Ridge Na-
tional Laboratory and available in machine
language for the IBM 704.

Computer Application to Single-Crystal

Structure Determinations. The determination

of molecular and crystal structures by X-ra3^

crystallographic methods is described fully else-

where (see "Cr^'stal Structure Synthesis: Basic

Theory and Procedures" (Attard), so it suffices

to briefly outline the general method only so far

as it relates to computer techniques.

Electronic computers have reduced cr\'stallo-

graphic intensity data reduction to a trivial por-

tion of the total effort of a crA'stal structure de-

termination. For an organic compound or an

inorganic co-ordination compound with 20 or 30

atoms per asymmetric unit and 1000 diffraction

maxima within the sphere of reflection, many
computer facilities will return, if desired, a

printed listing of all Miller indices, absorption

corrections, observed structure factors, sine of

theta, and associated atomic form factors in a

time period of a few minutes. Unfortunately, this

favorable time factor is not present in the pro-

curement of X-ray diffraction intensity data. The
productivity of a crystallographic laboratory is

often limited by the rate of collecting intensity

data. Advances are being made in this respect with

the appearance of plans and instruments to adapt

both digital and analog computers as integral or

separate components of a goniometer to facilitate

automatic collection of data. The majority of the

automatic digital devices use computers to calcu-

late angular settings, such as 26, <l> and x (as

defined by Furnas, 1956), which are then applied
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to the goniometer via paper or magnetic tape and

the resulting data output from a particular elec-

tronic X-ray counting device is fed back into the

computer or controller for additional subsequent

action by the goniometer and storage or printing

of output data. Apart from those automatic

devices that generate their own sequential com-

mands, the majority of automatic diffractometers

can be considered as a digital computer only inso-

far as they read and record angular settings digit-

ally up to an accuracy of 1 part in 36,000. The

various modes of utilizing the different geometries

such as equatorial, normal-beam, and equi-incli-

nation Weissenberg techniques are generally pro-

grammed into the controller or computer. Such

automatic devices are quite expensive ($15,000 to

$70,000), and only a few are commercially avail-

able at this time.

It is not uncommon to utilize several thousand

Bragg reflections in present-day single-crystal

structure determination. Hoard (1961) reported

collecting 14,500 reflections of an inorganic co-

ordination complex, and crystallographic research

on proteins and other biological compounds re-

quire computer capacities that will accept hun-

dreds of thousands of atoms and a like number of

unique reflections. Treatment of such three-di-

mensional data and inclusion of additional in-

dividual atom anisotropic temperature parameters

taxes the storage and handling capacities of com-

mercially available, present-day computers with

their 32,768 word ferrite cores even when equipped

with auxiliary 25,000-word magnetic tape units

and 4,096-word magnetic drum units.

The next computational point of any original

crystal structure analysis is determination of the

phases of experimentally determined Bragg dif-

fraction maxima. Two options are available for the

assessment of the sign, and also for the noncentro-

symmetric case, determination of magnitude of the

phases. One alternative is a model method, in

which atomic parameters based on an assumed

crj^stal model are used in calculating structure

factors, whose phase sign and magnitude are then

ascribed to the corresponding observed structure

factor and the refinement of the crystal structure

determination is continued (see "Crystal Struc-

ture Synthesis: Basic Theory and Procedures,"

p — ). Also, a direct method may be employed to

assign the proper phase sign to the observed Struc-

ture factor, and this method utilizes a mathe-

matical approach based on concepts such as

inequalities (Harker and Kasper, 1948), sign rela-

tions (Sayres, 1952, Zachariasen, 1952), or sta-

tistical probabilities (Gauptman and Ivarle, 1954).

Each option will be discussed separately since the

methods are quite divergent.

Model Method. Digital computers are gener-

ally used to compute the initial phase assignment

of the structure factors from models based on in-

telligent or intuitive guesses of atomic parameters.

The speed and availability of a high-speed com-

puter (under 1 Msec per addition cycle) can allow a

reasonable number of trial structures to be

tried and evaluated by comparing the /*'(caicuinted)u-/

with the F^ohseryed)hki Howcvcr, such methods are

only partially successful, and, in general, a com-

puter is employed to calculated a two or three-di-

mensional Patterson synthesis (see Patterson Syn-

thesis). This gives a plot of an electron density

function which shows all interatomic vectors in

projection if a two-dimensional function is plotted

or two-dimensional sections if a three-dimensional

Patterson synthesis is computed. From such a

vector map, it is sometimes possible to define

atomic positions within the unit cell, and hence,

calculate both the magnitude and the phase of the

structure factors based on the atomic positions of

the assumed model.

Direct Method. The direct method of solving

the phase problem (at the present time it is bet-

ter to say approximating a solution) is a key that

will someday reduce crystallographic structure

determinations to a routine and automatic type

of investigation. The crystallographer will select

and mount a crystal on an automatic diffractome-

ter which will feed the intensity data into a com-

puter, and the atomic positions and thermal

vibration parameters will be listed on a high-speed

line printer for the crystallographer to use as the

basis for his article in a scientific journal. Such is

not now the present state of the art. The details of

the various direct methods are fully described else-

where (see Phase Problem), and it suffices to state

that large-scale computers are a near-necessity to

solve the complex equations, although partial

solutions have been determined by "hand." At

this stage of a crystal structure determination, the

results of either or both of the two methods. Model

or Direct, are used to proceed with the refinement

of the structure.

Refinement of the Crystal Structure. Gener-

ally, several refinement cycles, consisting of a

positional shift function, atomic vibration func-

tion, and calculation of new structure factors, are

necessary in order to reach an acceptable agree-

ment between the observed and calculated struc-

ture factors. The digital electronic computer can

solve the equations in minutes compared with the

days, weeks, or months required to solve the equa-

tions with a desk calculator. The total elapsed

time between collecting and publishing the data

may not be much different now than in the 1940 's

and 1950's. However, the added precision inherent

in the machine calculations coupled with capa-

bilities to do repetitive iterations quickly, and

the greater accuracy of the determination due to

processing more multidimensional data such as

three-dimensional positional refinements com-

bined with individual anisotropic temperature

factors, has greatly enhanced the reliability of

single-crystal structure determinations.

Computer Application to Polycryslalliiie

Data. While the great bulk of work to date on

application of computer methods to X-ray diffrac-

tion data has dealt with structure determinations

from single crystal data, a wide variety of poly-

crystalline problems has proven amenable to solu-

tion by computer techniques. Such problems in-

clude: assigning indices to lines of a i)0\vder
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Table 2.

Single Crystal Polycrystal

Lattice constants Precision lattice param-

Lorentz -polarization eters

corrections Indexing diffraction

Absorption corrections lines

Spectrometer settings Diffraction line shape

Interplanar spacings analysis

Interatomic distances Phase identification

Errors, standard devia- (qualitative chemical

tions analysis)

Least squares (diagonal Reduction of preferred

or full matrix; with orientation data

or without individual Prediction of aniso-

anisotropic tempera- tropic property

ture factors)

Fourier synthesis (in-

cluding differential

and Patterson)

Direct methods of phase

determination
Patterson superposition

Structure factors

pattern and solving tlie strucluro; (lotcrininalion

of lattice parameters; reduction of preferred

orientation data; line shape analysis by use of

Fourier methods; and prediction of an anisotrojjic

growth index in orthorhombic crystals fioin pre-

ferred orientation data.

Powder Patterns. Computer programs have

been prepared for the IBM 704, 709, and 7090 that

will index the lines of a powder pattern for cubic,

tetragonal, hexagonal, and rhombohedral crystals

from a knowledge of Bragg angles (Tannenbaum
et al., 1960). 3 The tests for tetragonality and hexa-

gonality (which also includes the rhombohedral

case) uses Hesse's (1948) mathematical method

of indexing lines. This is based on the fact that

these two crystal systems give reflections such

that

:

sin2 = .iM + c^2

where M is a positive function of the Miller in-

dices, A and C are constants determined by the

lattice parameter, and /, is the Miller index. Hav-
ing determined the probable crystal structure as

either hexagonal or tetragonal, lattice parameters

are calculated from the three most reliable high

angle lines by Cohen's least squares method (1936,

1937).

As Hesse's method does not apply to cubic sys-

tems, these are solved by finding the differences

Ai in successive values of the square of the re-

ciprocal interplanar spacings. The listing of A,

values is searched for the minimum value, Aimin ,

and a quantity ki is calculated as follows:

If all the ki meet the restriction

kr = Xi ± 100 e,

where Xi is integral and e is the limit of error, the

crystal is cubic and the lines are indexed with Mi
defined bv

M, = hC" + /j-^ + W =
(f/rA,, mln)

= J-
^i.

(j = 1,2,3)

The lattice parameters are computed as in the

case of hexagonal and tetragonal crystals. The
limit of error in sin^ d must be less than 0.0005 in

this method, which is a fairly stringent require-

ment on data accuracy.

By the same general line of attack it may be pos-

sible to program the indexing of lines from ortho-

rhombic crystals also using Hesse's method. Ito's

method (1948) of indexing triclinic and monoclinic

systems may be adaptable to a computer program

and no doubt efforts will i)e made to write such a

program in the future.

Determination of Precision Lattice Parame-
ters. Two programs have been published for the

determination of precision lattice parameters us-

ing an IBM 704 (Mueller et al., 1960;^ Vogel and

Kempter, 1961 ).^ In both cases the programs are

applicable to the cuImc, hexagonal, rhombohedral,

tetragonal, and orthorhombic crystal systems.

The program developed by Mueller is extremely

flexible. A least squares method is used to deter-

mine lattice parameters and standard errors. As

many as three separate correction functions may
l)e selected from a number of the trigonometric

expressions previously suggested for a given term.

A weighing factor as suggested by Hess (1951) may
also be used which may include an observation

weight as well as an appropriate trigonometric

function for the camera or diffractometer used.

In addition, refraction corrections may be made
if desired.

The computer program of Vogel and Kempter

uses an iterative technique (Deming, 1943) to ob-

tain a least squares estimate of the lattice parame-

ter. The iteration procedure continually computes

corrections to the lattice parameter estimates un-

til such corrections are deemed ''sufficiently

small." The method also computes the standard

deviation based on the last iteration. The program

includes an approximation of the lattice parameter

based on Hess' method and this approximation

assumes a zero value for the drift constant. The

iterative exact technique does not assume a value

of the drift constant.

Line Shape Analysis. A mathematical treat-

ment of diffraction line profiles has been described

by Warren and Averbach (1952) « and Warren

(1959).^ The distribution of diffracted X-ray in-

tensities may be represented by a Fourier series,

and parameters affecting the intensity distribution

may be evaluated from their Fourier coefficients.

In this w^ay the factors affecting line broadening

may be separated into terms for (a) particle size,

(b) lattice parameter changes due to internal
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strain, and (c) presence of stacking faults. The

reduction of peak profile data by Fourier trans-

formation, the correction for geometrical broaden-

ing due to the instrument, and the combination of

data from two or more orders of diffraction lines,

which is requisite for the separation of the particle

size, strain, and stacking fault terms, require ex-

tensive calculations. However, Allen (1959)^ pro-

grammed these computations for an IBM 704

which allows a time saving but perhaps more im-

portantly permits many more points to be used in

the line profile description.

Reduction of Preferred Orientation Data.

A program was developed for the Burroughs 205

and CDC 1604 computers (Holland et al., 1960 )9

to reduce preferred orientation data to a stereo-

graphic plot of the pole distributions, i.e., a pole

figure. In the present program corrections can

be made to the data for instrumental errors, such

as the precession that occurs in many pole figure

devices. To date the program has only been used

for reflection specimens. It is capable of modifica-

tion to transmission data and would be adaptable

to correcting the data for changes in absorption.

In principle, the data-reduction aspect of the pro-

gram is quite simple. Datum points of interest

are converted from stereographic angular co-

ordinates, i.e., positions in terms of latitude and

longitude, to equivalent linear co-ordinates by a

set of trigonometric expressions. These linear

co-ordinates are used to plot the data points in

appropriate form in an off-line, high-speed, x-y

plotter.

Prediction of Anisotropic Growth. A method

and program for an IBM 650 was developed by

Sturcken and Croach (1963)i« to predict an aniso-

tropic growth factor for uranium fuel elements.

This prediction is based on the ratio of the inte-

grated intensity of the various observed diffraction

lines of the polycrystalline sample to the inte-

grated intensity for that line from a randomly

oriented sample. This ratio then is a function of

the preferred orientation. The usual angle expres-

sions of the orientation are transformed into

spherical co-ordinates. The preferred orientation is

then synthesized as a continuous distribution

function by a least squares fit to the diffraction

data. Also the computation permits evaluation of

a quantitative preferred orientation index which

is 1.0 for the random case and greater than 1.0 for

a preferred orientation. This parameter is a by-

product of the derivation of the continuous dis-

tribution function. The growth index may be

expressed in terms of the distribution function

which in turn is expanded in terms of associated

Legendre polynomials and solved. The program

is only written for the orthorhombic system and

would probably be somewhat more complex for

systems of higher symmetry. Preferred orientation

data that rely on the integrated intensities from a

series of diffraction lines have been successfully

used to express preferred orientation only for the

hexagonal and orthorhombic systems.

Other Polycrystalline Applications. No
doubt computer techniques have and will be ap-

plied to other problems associated with diffraction

of X-rays by polycrystalline samples. It has been

suggested by Guinier (1961 )ii that an extremely

useful application would be phase identification

from powder patterns or from diffraction line

positions for diffractometer data. The data such

as recorded on ASTM cards could be stored on

tape, and a program written so that the computer

could make the qualitative analysis. With some

ingenuity this might be done taking into account

the effects of temperature on the data; hence,

phase identification could be made positively re-

gardless of the temperature at which the data was

taken. Another modification that no doubt will

come is to automate phase identification by having

diffractometer data entered directly onto punch

tape which would be the data input for a computer.

At this time the ASTM X-ray powder data file

is available on IBM cards. With a file of such cards

phase identification may be facilitated using either

a card sorter or a digital computer.

Computer Application to Noncrystalline

Data. There apparently have been far fewer ap-

plications of computer techniques to data from

noncrystalline or amorphous samples than for

crystalline samples. This can in large measure be

accounted for by the fact that the volume of X-ray

diffraction work is considerably greater for crys-

talline samples than for noncrystalline materials.

However, there has been significant progress in

this area.

A program was written by Robson and Brossard

(1960)12 to evaluate the radial distribution func-

tions of amorphous materials such as silica gel

which are of great importance in catalyst work.

The atom distribution function may be expressed

in a form equivalent to that resulting from a

Fourier inversion of the amplitude function

(diffraction intensity data). Fourier inversion of

the distribution function is then applied to re-

create an amplitude function. The derived and

original amplitude may be subsequently compared

to show the origin of any feature in the diffraction

data and to eliminate systematic errors.

An IBM 1620 computer is utilized in a program

devised by Stein et al., (1961)^3 to correct X-ray

data obtained with a diffractomer from oriented

polymer films and to perform calculations upon

these data. The data are corrected for background,

polarization, absorption, and incoherent scatter-

ing before calculations of radial distribution

functions, degrees of crystallinity, and orientation

functions are performed.

These are not the only noncrystalline problems

that might benefit from use of computer tech-

niques; however, they are representative.

Summary. In summary, computer methods of-

fer considerable advantage in time and precision

in the processing of many types of X-ray diffrac-

tion data. The listing of applications given here is

not comprehensive but is representative and is

included to suggest other uses. With time the list

of successful applications will grow tremendously

as more and more investigators became aware of
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the potential advantages of computer utilization

in scientific research.
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CONCRETIONS, PATHOLOGICAL, INCLUDING URINARY

"STONES," ORAL CALCULUS, AND GALLSTONES:

DIFFRACTION ANALYSIS

An important application of X-ray diffraction

involves the study of biological products which
are essentially inorganic in nature but are pro-

duced through metabolic processes of living organ-

isms. Two categories can be recognized: (1) nor-

mal hard tissues, such as skeletons of vertebrates,

shells of eggs, and shells (exoskeletons) of in-

vertebrates, and (2) abnormal concretions, such

as pearls, "stones" of the urinary tract, and oral

calculus (tartar). For the purpose of this discus-

sion, the numerous constituents of the second
category are considered as pathological products

whether or not discomfort is a necessary accom-
paniment.

Pearls, as well as the molluscan shell materials,^

have been examined by X-ray diffraction methods.

Chemically they are essentially calcium carbonate

with traces of strontium and magnesium. Their

structures are aragonite and/or calcite. Besides

organic components, these substances ma}' contain

an inorganic phase other than calcium carbonate."

Oral calculus has been studied fairly exten-

sively in order to obtain clues to its causes and
prevention. The predominant phase is carbonate

hydroxyapatite (dahllite), chemically and struc-

turally similar to the substance of normal teeth

and bones. However, other crystalline (mineral)

phases maj- occur as admixtures, including brush-

ite. whitlockite, and "octacalcium phosphate,"

which has not been discovered elsewhere in na-

ture .'^- * "Stones" that form in the salivary glands

or ducts appear to be closely related chemically

and structurally to calculus attached to the teeth.

Formation of such substances may be related to

the presence of carbonic anhydrase in saliva,

among other factors.^

La-oliths (renal or vesicle calcuh), on the other

hand, are more complex in their make-up.®' ^ Be-
sides carbonate hydroxyapatite. other phosphates
of l)oth calcium and magnesium occur, including:

brusiiito. whitlockite, struvite, newberj'ite. mone-
tite (in animals), and possibly bobierrite. Cal-

cium oxalates, the monohj^drate (whewellite) and
the dihydrate (weddelhte), are commonly prin-

cipal components; both are frequently mixed
with apatite which may contain several hundred
parts per million of fluorine.® Uric acid and cystine

have been identified bj^ X-ray diffraction, and
several crystalline organic compounds, such as

indigo, cholesterol and xanthine, also may occur.

Crystalline calcium carbonate (calcite or arago-

nite) is very rare. "Calcium carbonate" has been
reported erroneously because certain calculi

evolved carbon dioxide when treated with acid.

However, it is now recognized that the carbonate
ion can be incorporated in the structure of the

apatite substance (see section on bones and
teeth).

Gallstones have been studied by X-ray diffrac-

tion methods,® as have pathological calcification

products in various tissues and organs of humans
and animals .^°
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CRYSTAL HABIT

Crystals of the same species growing under sim-

ilar conditions and in similar environments are

characterized by similar shapes or relative dimen-

sions. The preference of a given crystal to assume

a certain shape is known as its habit and finds

expression in the relative development of the

crystal faces. The differentially developed crystal

faces may, or may not be equivalent by symmetry.

All crystal faces which are equivalent by sym-

metry are said to be of the same form. The habit

of a^ given crj'stal may be tabular, prismatic,

rhombohedral, octahedral, scalenohedral, etc., or

twinned in a specific manner, depending partly on

the crystal structure, and partly on the conditions

under which the crystal grew. Extreme habits of

untwinned crystals are flaky (such as is common
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with mica and graphite), fibrous (as is common
with rutile, or as metal whiskers), or curved (as

often, the octahedral faces of diamond).
The main factors influencing the growth condi-

tions, and hence the crystal habit, are (1) the
degree of departure of the growth system from in-

stantaneous equilibrium, (2) the composition and
structure of the growth medium, and (3) the de-
gree of departure from homogeneity of the growth
medium. For crystal growth at instantaneous
equilibrium with the growth medium, thermo-
dynamics requires that the free energy of the total

interface be a minimum, and hence that the area
of interface per unit volume of crystal be small.
Because all crystals (including those of the
isometric system) are anisotropic, the interface
free energy per unit area varies with the crystallo-

graphic direction.

We consider now a binary system brought to
critical supersaturation and then maintained at

the same temperature and pressure until equi-
librium is established. At the critical supersatura-
tion for homogenous nucleation the newly formed
nucleus may, at the instant of nucleation, be as-

sumed to be approximately equidimensional; that
is, its surface area per unit volume is relatively
small. Since at maximum supersaturation the total

interface free energy is a maximum, it follows that
the hypothetically small faces present at the in-

stant of nucleation are those of relatively high free

energy. The lowering of the total interface free

energy takes place in two partly overlapping
stages. At the instant immediately following
nucleation a rapid increase in the surface area per
unit volume of the growing nucleus is brought
about by the differential development of non-
parallel faces of forms of lower free energy, leading
to extreme shapes such as are associated with
skeletons and spherulites. This initial phase of

development gives way to a gradual decrease in the
relative surface area and—if the growth medium
is isotropic to the equalization of development of

all faces of forms of least energy (which, in cr3'stals

of low symmetry must inevitably lead to twinning)
such that at the instant the growth system reaches
equilibrium the total interface free energy is a
minimum. While in the earliest stage of growth it is

the rate of reaction at the interface (rather than
the rate of mass transfer in the growth medium)
that determines the rate at which the interface
free energy is reduced, in the later stages the rate
of mass transfer in the growth medium becomes
dominant in controlling the rate of approach to

equilibrium.

In the more general and quantitatively far more
important case of heterogenous nucleation, the
nucleus, at the instant of nucleation, may no
longer be assumed to be equidimensional, and the
earliest stage of growth is therefore greatly affected

by the type and nature of the inhomogeneity or

defect that leads to the formation of the nucleus.
If, after nucleation has occurred, the temperature,

pressure, or composition of the system are not
held constant, but changed continuously so as to

maintain a considerable degree of supersaturation,
the growing cr^^stal will maintain a habit (gener-

ally nonequidimensional) that is not dictated by
the requirement of minimum interface free energy.
Because a crj'stal consists of a triply periodic

array of atomic particles, and because the strength
of interaction among particles depends greatly on
interparticle distances, the intensity of most
energetic phenomena depends on the spacings of

parallel planes of identical atomic structure and
is likely to be least in that crystallographic direc-

tion in which such planes are most widely spaced.
The relative stability of forms for a given crystal

species, however, does not depend only on the
relative spacings of atomic planes in the crystal,

but also on the contribution of the growth en-

vironment whose composition and structure are

therefore critical in affecting the habit of the
crystal. This is well illustrated by the fact that

the addition of urea to an aqueous solution of

XaCl changes the habit of NaCl from cubic to

octahedral, whereas the addition of alkali to an
a(}ucous solution of alimi changes the habit of

alum from octahedral to cubic.

In a homogeneous and isotropic growth medium
the total interface free energy is given b}-

X a{hki\'-^c + S{i,ki]')
'=1

where the symbol \hkl\ specifies the crystallo-

graphic directions of a form, a{hki]' is the area of

interface developed in the form {hkl}', s{hki}' is

the interface free energy per unit area of the form
\hkl\\ and e the contribution of the growth me-
dium to the interface free energ}^ per unit area.

At equilibrium the above sum is required to be a

minimum; furthermore, all terms tend to be
equally small, so that if the terms are arranged in

order of magnitude of the development of the

forms they are also in order of magnitude of the

spacings of atomic planes of identical structure.

If the growth medium is not homogeneous, but
consists of more than one phase, the contributions

to the interface free energy of each phase of the

growth medium are, in general, not equal, so that

parallel faces of the crystal need not undergo
equal development. The interactions among the

factors constituting the growth environment are

complex. Quantitative treatments of the subject,

rare as they are, are therefore highly specialized

and incomplete, while experimental work is mostly
of an empirical nature.
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fracted by (hkl) planes is proportional to the

square of the crystal structure factor.

E(hkl) oc
I

F(hkl) \\

The structure factor F{hkl) is expressed as the

sum over one unit cell of the individual atomic

scattering factors jj for atoms located at Xj
, y^ ,

Zj :

Fihkl) = J2 fj exp [27ri(hxj + kijj + h,]

This reduction of a structure to a discrete set of

point-atoms is artificial. The scattering is due to

the cloudlike configuration of electrons in the

crystal. If one assumes that the structure can be

described in terms of an electron density pixyz)

which varies continuously over the volume of the

unit cell, then the summation over the atoms is

replaced by an integration of the electron density

over the unit cell volume

:

F(hkl) -fff pixyz)

CRYSTAL STRUCTURE FACTOR, F(hkl). See Crystal Struc-

ture Synthesis.

exp [2Tri{hx + ky + Iz)] V dx dy dz

Since a crystal is periodic in three dimensions,

the electron density may be represented b}^ a

three-dimensional Fourier summation

:

CRYSTAL STRUCTURE OPTICAL TRANSFORM. See Trans-

forms, Optical.

CRYSTAL STRUCTURE SYNTHESIS: BASIC THEORY AND

PROCEDURES

We see an object because incident radiation

(hght) is scattered by the object into our eye

where a focused image of the object is formed on

the retina. If the object is a cloud of smoke, the

scattering matter consists of the particles of

smoke and the focused image is that of the cloud

of smoke. In the X-ray diffraction experiment the

scattering matter consists of the cloudlike distri-

bution of electrons in the crystal. X-ray diffrac-

tion differs from vision in that a focused image of

the scattering matter (electrons) is not immedi-

ately and directly obtained in the laboratory. A
focused image of the electron cloud, the electron

density map, is obtained by mathematical syn-

thesis of the experimental data. The data of X-
ray structure synthesis are the intensities of the

spectra arising in the diffraction of X-radiation

by the crystal. The determination of the distribu-

tion of the electron cloud in the crystal, and

hence the locations of the atoms in the crystal

structure, is the subject of crystal structure syn-

thesis. This article will outline the subject. The
references cited at the end of the article contain

detailed discussions of theory and technique.

Outline of the Problem. The total energy dif-

i(xyz) = ,E
h'=-'

X E R(h'kT)

exp [2-Ki{h'x + k'lj + Vz)]

Substituting this series into the structure factor

integral, and utilizing the orthogonality proper-

ties of the Fourier series, we find that the co-

efficient of the Fourier terms and the structure

factor are related

:

R(hkl) = - F{h, k, I)

y

Hence the electron density may be expressed as

the infinite sum over h, k, I :

pixyz) ^ Z Z E nhkl)
V h k I

exp [-2Tri(kx + ky + h)

The structure factor F{hkl) and the electron

density pixyz) are Fourier transforms of one

another. Complete knowledge of one of the two

functions permits us completel}^ and unambigu-

ously to determine the other. In practice it is

not quite so easy to s^mthesize the electron den-

sity from measured values of the structure value.

The structure factor is in general a complex num-
ber, representable as:

Fihkl) = AiJikl) + iBihkl)

=
I

Fihkl)
I

e'"^'^-')
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The experimental data are the intensities of the

various (hkl) reflections and these are propor-

tional to the square of the stucture factor. Thus

the amplitudes of the structure factors are di-

rectly observable but not the phases. These must

be deduced and this constitutes the major prob-

lem in crystal structure synthesis, the phase prob-

lem. There are many techniques which have been

used to solve this phase problem for particular

cases. Some of these methods are discussed here.

The reader should consult the references cited at

the end of this article.

Preliminary Observations. Preliminary X-ray

and optical examination of the crystal is essential

in the process of crystal structure synthesis. The

crystal symmetry can be determined by a se-

quence of Laue photographs, for example. The

proper space group can be assigned by observing

the space group extinctions for reflections re-

corded by any of the methods used for recording

data. The unit cell dimensions can also be deter-

mined.
Optical measurements may incluiic micro.scopic

examination. If the crystal is transparent, meas-

urements of the indices of refraction and of the

optical activity may give a clue to the symmetry.

Other physical measurements which may help in

the determination are the determination of cleav-

age planes and pyroelectric and piezoelectric

measurements. Finally, chemical analysis of the

constituents is invaluable in determining the

kinds of atoms present and the composition ratio.

X-ray Measurements. Before the actual in-

tensity measurements are obtained, there are a

few decisions that must be made. Intensity meas-

urements can be obtained using either the powder

method or the single crystal method. The powder

method has two advantages. The absorption cor-

rections are very simple, and there is no primary

extinction correction if the powder is fine enough

(less than 10"* cm). The greatest disadvantage of

the powder method is the lack of resolving pow-

der for reflections with nearly the same inter-

planar spacing. Another disadvantage is that for

some crystals, the reflection hkl and hkl may have

different intensities, yet these superimpose on the

powder film. In single crystal diffractometry there

is spatial resolution in both of these cases. The
absorption corrections for the single crystal

method are more complex. The data must be cor-

rected for primary and secondary extinction by
whatever method is suitable for the particular

specimen.

A choice must be made between film methods

and electronic counter methods. The film method

enables the simultaneous recording of many re-

flections, while the electronic method can "see"

only one reflection at a time. Hence the film

method permits shorter exposures, which may be

important when the sample is hkely to decom-

pose. Electronic methods require well-regulated

power supplies whereas film methods do not since

the photographic film is a time-integrator. Film

exposure can be performed unattended for both

powder and single crystal specimens. The elec-

tronic counter powder method can also be per-

formed unattended while single crystal diffraction

utihzing electronic counters requires constant su-

pervision. However automation may dispense with

even this requirement. The balanced-filter method

can be used only with electronic techniques to

eliminate background and monochromatize the

X-ray beam. Greater precision of intensity meas-

urements is possible with electronic detection

methods than can be realized with film methods.

The hmit of resolution of the X-ray diffraction

experiment is given as

0.61X

2 sin e,n

where Om is the maximum diffraction angle of the

observations. The consideration of the wave-

length of X-radiation. the maximum diffraction

angle, the mea.surement method must all be con-

sidered in reference to the resolution of the elec-

tron density map that is required for the solution

of a particular structure. A synthesis that requires

a resolution of 3A is managed in a different man-

ner than one that requires a resolution of 0.3A.

Tlie techniques and apparatus for the measure-

ment of intensity are (l(>scribed elsewhere in this

Encyclope(ha.

The raw data consisting of intensity measure-

ments must be converted into the corresponding

structure factors. There are a number of geo-

metric and physical factors that affect the meas-

urement of intensity. The Lorentz-Polarization

factor and the rotation (or velocity) factor are

geometric factors that are dependent upon the

mode of recording of data. Absorption is a physi-

cal factor dependent upon the wavelength of the

radiation, the elements of the substance and the

geometry of the sample. Anomalous dispersion is

also a physical factor, being a function of wave-

length and specimen constituents. The tempera-

ture factor, a physical factor, is dependent upon

the mode of thermal vibration of the crystal lat-

tice. Primary extinction is related to the size of

the mosaic blocks of the crystal, while secondary

extinction arises from the angular dispersion of

these blocks. All of these terms affect the meas-

ured intensity, and hence the measured values

must be corrected for these effects so as to obtain

the correct corresponding structure factors.

Structure Synthesis and the Phase Problem.

The process of crystal structure synthesis cannot

be direct because in the process of recording the

diffraction data, only the amphtudes are deter-

mined while the relative phases are unknown. One

method available is to postulate an arrangement

of atoms that conforms with the symmetry of the

space group. The next step is to calculate the

structure amplitudes the postulated arrangement

would give for some reflections. If these amph-

tudes agree roughly with those observed, then the

assumptions are probably correct. The proof can

be obtained by continuing the calculations for

other reflections. If there is significant disagree-

ment between the calculated and observed values,
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then the first postulated structure is incorrect and

another postulated structure must be tried. This

is the method of trial-and-error deduction. It is

very laborious with structures with more than a

few independent parameters.

One function that is sometimes used is the

Patterson function defined as:

proposed structures is by means of the residual R,

since a discrepancy in intensities follows from a

discrepancy in the proposed structures.

PiU, V, W)
III

p(-r, ij, z)

p{x + u, ij + V, z + w)V dx dij dz

This is a self-convolution of the electron density

function and can be represented by the Fourier

sum

:

P{U, V,W)= ^^Y.Y.11\ F(hkl) |2 e-2-.-(^«+fc.+^^.).

V h k I

The Patterson function gives information about

the interatomic vectors, but not about atomic

positions. Atomic positions may be deduced from

the interatomic vectors in simple crystals. A crys-

tal may be regarded as based upon N atoms, each

of which is repeated in an infinite lattice. The
Patterson function consists of N" Patterson peaks

repeated in the same way. The method has many
applications and is useful if relatively few atoms

are present. It becomes ineffectual for organic

crystals containing many C, N, atoms because

of the multiplicity of interatomic vectors of equal

weight that cannot be resolved.

Fourier synthesis gives a direct image of the

structure. However this method requires knowl-

edge of the relative phases of the scattering am-
plitudes. There are several methods of estimating

these relative phases. If the crystal contains a

heavy atom whose scattering power dominates the

intensities, it may control some or all of the

phases. If the location of the heavy atom in the

unit cell is known, then these phases can be deter-

mined. Another method compares the intensities

of two isomorphous crystals, where one atomic

species of the compound crystal has been replaced

by another. In a different development, Harker
and Kasper have demonstrated that there exist

relations between certain F's and F' and that by
use of Cauchy's inequality and Schwarz's inequal-

ity, information about the relative phases can be

deduced.

Other methods, of which we shall briefly men-
tion a few, have been developed. There is Buer-

ger's development of implication theory, Sayre's

method of squares, Zachariason's statistical

method, and the method of permutations. These
are only a few of the many methods that have
been developed; doubtless there will be many
others.

Refinement of Synthesis. Once a model of a

structure has been proposed, it becomes necessary

to improve the preliminary coordinates by some
process of refinement. A common method of char-

acterizing the agreement between the actual and

R Z I
in I

Fc\

j:\f.\

It has been demonstrated that a wrong arrange-

ment of atoms of the same symmetry has R =

0.828 for a centrosymmetric crystal and R — 0.586

for a noncentrosymmetric crystal. Correct struc-

tures will have R less than 0.25 and very well

refined structures may have R in the neighbor-

hood of 0.05. Residuals of other related forms

have been suggested.

A structure may be refined by the method of

successive Fourier synthesis. With correct magni-

tude of the T^o's, the Fourier synthesis reveals the

coordinates most consistent with the observed

magnitudes and computed phase factors.

A difference synthesis, based on either Fo-Fc or

Po-pc is one method used for refining structure

analysis. If the proposed model exactly measures

the actual crystal structure, the difference map is

characterized by a flat topography where the only

features are minor and random undulations due to

errors of observation. If the proposed structure

deviates in any way from the actual structure, the

difference map reveals the nature of the deviation

by a topography characteristic of the deviation.

An excellent description of the appHcation of

the methods of crystal structure synthesis to the

determination of the structure of a protein mole-

cule is given in Ref. 5.

The differential Fourier synthesis utilizes the

values of the gradients and curvatures at points

close to the maxima as a guide in calculating exact

coordinates.

Two other methods of mathematical refinement

are the method of least squares and the method

of steepest descent.

Computations. The development of the modern
electronic digital computer has greatly facihtated

crystal structure synthesis. The computations in-

volved in the production of an electron density

map or a structure factor graph would be ex-

tremely laborious if the work was done with the

aid of only a desk calculator.

There are other aids to computation, a few of

which are mentioned here. Beevers-Lipson strips,

Patterson-Tunell strips, and Robertson strips are

mathematical function devices to facilitate the

arithmetic summation of Fourier series. An optical

device for performing Fourier summations photo-

graphically is the Bragg-Huggins mask system.

Optical-transform methods utihzing the diffrac-

tion of light have been used for electron density

mapping. One example of this is the "X-ray two-

wave microscope". The "Fly's Eye" is another opti-

cal device used in structure determination.

Analog computers using mechanical or electro-

mechanical function generators have also been

used. An example of an electronic analog com-

puter is Pepinskv's X-Rac, where the electron

density map can be viewed directly on the screen
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of a cathode ray tube. Details of these and other

methods can be found in the references listed at

the end of this article.
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CRYSTALLITE SIZE ANALYSIS BY X-RAY DIFFRACTION

LINE-BROADENING: ROUTINE METHODS AND APPLI-

CATION TO BeO

(See also "Crystallite Size Determination in Microscopic

and Colloidal Ranges," R. R. Ferguson and M. L.

Nielsen, p. 191; "Line Breadth Analysis: Theory

and Practice," P. S. Rudman, p. 551.)

General Method of Crystallite Size Analysis.

Eary in the history of X-ray diffraction it was ob-

served that the diffraction of a beam of X-rays by

planes of atoms in a crystalline material could be

used not only to obtain information regarding the

arrangement of the atoms, but could also yield

data relating to the sizes of the crystals composing

the material. Whereas atomic spacings are related

to the Bragg angle 6 at which diffraction maxima
occur, the sizes of the regions of nearly" perfect

crystal lattice are related to the angular width of

the diffraction maxima. The cause of this latter

relationship can be traced through diffraction

theory.

Under ideal conditions of diffraction of a stricth^

parallel and monocromatic beam of X-rays by a

large, perfect crystal, Bragg's law

n\ — 2d sin d,

predicts diffraction of a single wavelength \ by
crystal planes of spacing d, only at a discrete angle

d. This Hmitation in angular position of the dif-

fracted X-rays is due to the fact that diffraction

from many parallel planes within the crystal must
occur in phase to produce an observable peak.

Slight departures from the angle 6 produce de-

structive interference of the diffracted rays, thus

causing an abrupt decrease in observed intensity.

However, as smaller crystals are used the number

of parallel planes diffracting from each crystallite

becomes less, and the conditions for in-phase dif-

fraction become less stringent. Therefore, as crys-

tallite size decreases, diffraction occurs over an

increasing range of angles near d, resulting in a

broadening of the observed diffraction peak.

Unfortunately, small crystallite size is not the

only factor affecting X-ray line widths. Diffraction

lines are also broadened by instrumental conditions

and various crystal imperfections. Instrumental

sources of broadening generally include spectral

impurity, collimation system, and detection meth-

ods, while some crystal imperfections contributing

to line-broadening are strain, mosaic structure, and

stacking faults. Usually, when studying crystallite

sizes by line-broadening techniques the various in-

strumental conditions are standardized and cor-

rected for, but crystal imperfections which produce

extraneous broading must generally be absent from

the sample in order for analyses to be valid. For

this reason. X-ray line-broadening measurements

of crystallite size are usually confined to brittle

(nonplastic) or well-annealed powders of fine par-

ticle size.

Crystallite sizes which can be satisfactorily meas-

ured by X-ray diffraction line-broadening include

an approximate range from 20 to 3000A, using

modern diffractometer techniques. As crystallite

dimensions become smaller and smaller, the num-

ber of diffracting planes within each crystal de-

creases until an insufficient number of planes is

present to cause complete cancellation of out-of-

l)hase diffracted rays, and the diffraction peaks

broaden until they are indistingishable from the

scattered background. On the other hand, as larger

crystallites are measured, out-of-phase diffraction

becomes less tolerable, due to the increasing num-

ber of diffracting planes, and the diffraction peak

breadths decrease and approach widths produced

by instrumental conditions. As the peaks narrow,

it becomes increasingly difficult to determine the

contribution to the line breadths caused by the

crystallite size effect alone, and the resulting size

values become subject to a rapidly increasing error

which finally renders them meaningless. The rela-

tion between crystallite size and X-ray diffraction

line breadths was first given by Scherrer' in the

equation

D
K\

13 cos d

which expresses the mean crystallite dimension, D,

normal to the diffracting planes, as an invesre func-

tion of the pure diffraction broadening, p. The

various symbols used in this equation, together

with additional symbols normally used in X-ray

line-broadening studies, are given in Table 1.

Several methods of evaluating /3, the pure dif-

fraction broadening, are available. The most ac-

curate, though tedious and time-consuming method
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involves the Fourier synthesis of line profiles, as

described by Stokes.' An alternative procedure, ad-

vanced by Laue,^ consists of measuring the integral

diffraction peak breadths and correcting for instru-

mental effects to obtain /S. However, perhaps the

simplest, most rapidly performed method involves

measuring peak breadths at half maximum inten-

sity, and subsequently applying instrumental and

Ka doublet broadening corrections. This method is

especially useful for strip-chart recordings of dif-

fraction peaks obtained with modern X-ray dif-

fractometers, and is the basis for the line broaden-

ing techniques described here.

The constant, K, in the Scherrer equation is gen-

erally referred to as a shape constant, and its value

depends upon the crystallite shape, the indices of

the diffracting planes, the method of determining

j3, and the definition assumed for crystaUite size D.

Values reported for K have usually been in the

range from 0.70 to 1.70, and many investigators

choose a value of unity to simplify calculations and

make published data comparable. Although use of

K equal to one is quite acceptable, especially when

information is needed regarding relative crystallite

sizes rather than absolute sizes, several investi-

gators^- * have shown that a value near 0.9 is more

conducive to good results when D is defined as

crystallite thickness perpendicular to the diffract-

ing planes and /3 is taken as the pure diffraction

broadening at half maximum peak intensity. Under

these assumptions the dependence of K on crys-

tallite shape is usually small enough to be negli-

gible in comparison with other more important

sources of error inherent in the method. When
integral line breadths are used for jS or when the

cube root of the crystallite volume is used for D
the value of K increases to 1.0 or greater.^

As stated previously, diffraction Hne widths are

affected by certain instrumental conditions which

must be standardized and allowed for in order to

obtain the values of jS used in calculating crystal-

lite sizes from the Scherrer equation. The extra-

neous broadening effects that are present in the

normal X-ray diffraction setup can usually be as-

cribed to two causes: (a) Ka doublet separation,

when these lines are not resolved and (b) strictly

instrumental causes, such as slit widths, beam
divergence, and detection methods. In order to

make the necessary corrections to the observed

peak breadths, graphical methods have been de-

vised, as outlined by King and Alexander.^

The angular separation of the Kai and Ka2 com-

ponents of the X-radiation normally used for line-

broadening measurements is a function of the X-
ray wavelength and the Bragg angle at which the

diffraction peak occurs. Thus, to rapidly determine

the separation, termed A, for a given wavelength

and any diffraction angle, a plot such as that shown

in Fig. 1 can be made from standard tables." This

graph shows separation of the copper Ka doublet

as a function of 26, the diffraction angle as recorded

on a film or diffractometer.

Although Kax and Ka-j diffraction peaks nor-

mally superimpose to a certain extent, especially

at low Bragg angles or when deahng with small

Table 1. Symbols Used For X-ray
Diffraction Line-Broauening.

X = X-ray wavelength in angstrom units

d = Bragg angle

K = Crystallite shape constant

D = Mean crystallite dimension normal to dif-

fracting planes

A = Angular separation of Ka doublet*

.Bo = Observed diffraction peak breadth at half

maximum intensity*

B = Bo corrected for Ka doublet separation*

5q = Observed diffraction peak breadth at half

maximum intensity for large crystallite

size reference material*

h = ho corrected for Ka doublet separation =

instrumental broadening*

^ = Bo corrected for Ka doublet separation and

instrumental broadening = pure dif-

fraction breadth due to crystallite size

effect*

* By convention, all angular measurements are in terms of

2d. The pure diffraction breadth /3 is then changed to radians

to solve the Scherrer equation.

/

/

/
/

/
/
/

uT
1̂

8 1 20 le

Diffraction Angle

Fig. 1. Angular separation of the Ka doublet as

a function of 26 for copper radiation.

crystallite size material, this superposition is not

linearly additive. Therefore, equations or curves

must be used to correct observed line breadths for

Ka doublet broadening. Such a correction curve,

experimentally determined with a General Electric

XRD-3 diffractometer,' is shown in Fig. 2. Similar

curves for different instrumental setups have been

described in the literature.''-
*

In order to use this correction curve, the Ka
doublet separation, A, obtained from a curve such

as that of Fig. 1, is divided by the observed dif-

fraction peak breadth. Bo, to obtain the ratio

A/Bo . This value is located on the correction curve

of Fig. 2, and a new ratio, B/Bo, is obtained fiom
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Fig. 3. Instrumental broadening as a function of

diffraction angle, 20.

which the corrected breadth B can be determined.

If K^ or resolved Ka X-radiation is used in study-

ing crystallite size, no Ka. doublet broadening cor-

rection is necessary, and Ba is equivalent to B.

The X-ray line-broadening contribution due to

strictly instrumental causes can be determined by
measuring peak breadths obtained from crystallites

whose size is in excess of that which produces size

effect broadening. However, before the instru-

1.0

^ V

\ Ny LowlAngle

X. Reiflections

\ \/

Riflectiojis X\
\KN\\\,

2 \ s^

\
n \

Fig. 4. Curves for correcting X-ray diffractometer

line breadths for instrumental broadening.

mental contribution is determined, the instrument

geometry must be standardized. This usually in-

volves the adoption of coUimator and Soller slit

widths, recorder time constant, and sample geom-

etr>% as these are the principal causes of instru-

mental broadening. The chosen conditions must

then be duplicated as closely as possible during

succeeding crystallite size studies in order to main-

tain maximum reliability.

Quite often a material known to be made up of

large, strain-free crystallites can be mixed with

powders whose unknown crystallite size is to be

measured. Narrow diffraction peaks from this in-

ternal standard which occur at 2(9 angles near the

peaks from the unknown can then be used to ob-

tain instrumental broadening directly. However,

a more useful method is to plot the peak widths

obtained from large crystallite size material, as-

suming these widths represent only instrumental

broadening, against the diffraction angle 20. Such

a plot can then be used to obtain instrumental

broadening at any diffraction angle.

An example of an instrumental broadening curve

is shown in Fig. 3. This curve was obtained from

a thin layer of calcined beryllium oxide powder

whose crystallite size was known to be greater

than 10,000A.' The observed diffraction peak

breadths, bo, from this standard material were

corrected for Ka doublet broadening by means of

the curves of Figs. 1 and 2, and the corrected

breadths, h, were then plotted and connected by

a smooth curve.

As in the case of Ka doublet broadening, the

combination of instrumental broadening and crys-

tallite size broadening is not linearly additive, and

equations or curves must again be used to make
the instrumental broadening correction. If the

diffraction peaks are assumed to have Gaussian

profiles, and widths are measured at half maximum
intensity, the relation

0^ = B^ -y
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may be used to determine the crystallite size

broadening, jS. However, the more common method

of making this correction is through the use of

curves such as those shown in Fig. 4. These curves,

first presented by Alexander,"^' ^ have been derived

for use with modern X-ray diffractometers with

narrow X-ray sources. The curve marked "Back

Reflections" is usually used for diffraction peaks

occurring between 145° and 180° 2d, while the

curve marked ''Low Angle Reflections" is used for

peaks falhng at lower angles.^ Although the op-

timum curve for use with reflections at intermedi-

ate Bragg angles probably lies between the two

curves of Fig. 4, little error is introduced in using

only the two plotted, since other sources of error

will usually be greater than that produced in /3.

The instrumental broadening correction curves

are used in a manner similar to the Ka doublet

correction curve. Specifically, instrumental broad-

ening h, for the proper 26 angle, determined from

Fig. 3, is divided by the Ka doublet-corrected peak

breadth, B, to obtain the ratio b/B. The value of

this ratio is located on the proper curve of Fig. 4,

which then shows the value of a second ratio, ^/B.

From this latter ratio the pure diffraction broaden-

ing, /3, due to small crystallite size can be deter-

mined. The value of /3 thus obtained is then con-

verted to radians and used to solve the Scherrer

equation for crystallite size.

Before proceeding to routine methods and ex-

amples of crystalhte size determinations, it is well

to emphasize some of the hmitations and condi-

tions applying to such analyses. As stated pre-

viously, measurements must usually be confined

to the size range from 20 to 3000A. Even within

this range sizes determined are average values,

weighted somewhat toward the larger crystallites

in the sample, rather than absolute sizes. Generally,

crystalhte sizes calculated from X-ray diffraction

line breadths are within 25 to 50 per cent of the ab-

solute sizes, but this margin of error rapidly in-

creases as the larger sizes are encountered. How-
ever, in spite of the inaccuracies, which are due to

the uncertainties of K and )3 in the Scherrer equa-

tion, quite good approximations and comparisons

of relative crystallite sizes may be obtained by the

X-ray method. In addition, complementary types

of analyses, such as surface area measurements and

electron microscopy ,^° often yield information

which increases the value of X-ray measurements.

Of course, uniformity of instrumental conditions

is essential to rehabihty of hne-broadening re-

sults. In addition, sample technique is also im-

portant. The powdered specimens usualh^ used for

crystallite size studies with modern diffractometers

are best mounted as a thin layer on a flat, non-

diffracting surface. This can easily be accomplished

by mixing the powder in a binder such as Duco
cement diluted with ethyl and amyl acetate, and

spreading on a glass microscope slide. Such thin

layers avoid the problem of asymmetric line-

broadening caused by excessive sample penetra-

tion by the X-ray beam, especially at low Bragg
angles or when dealing with specimens of low X-
ray absorbing power."

Routine Methods for Crystallite Size Analysis.

Recently, several modifications to the standard

procedure outlined previously have been devised

to simplify and accelerate the determination of

crystallite sizes from X-ray hne-broadening meas-

urements.^ These modifications have resulted in

methods by which crystallite size can be obtained

for a great variety of materials rapidly and re-

producibly enough to allow the operation to be

carried out on a routine basis in a service or qual-

ity-control laboratory.

The most useful methods of routine crystallite

size analysis simply involve the use of curves which

have been plotted to show crystallite dimensions

as a function of observed peak breadths, utilizing

certain instrumental conditions. Two types of these

curves have been devised; one type being usable

only with certain specific sample materials, the

other type being usable with any strain-free sample

material. Data for both types of curves was ini-

tially obtained with the aid of a computer program

which has also proven useful for routine crystallite

size analysis.

Diffraction peak measurements used for the

preparation and subsequent application of the

routine crystallite size methods were obtained

from strip chart recordings of diffraction lines

generated by a General Electric XRD-3 X-ray

diffractometer. The diffractometer was equipped

with a 1° beam slit, wide (medium resolution)

Soller slits, and a 0.1° detector slit. The detector

circuit, utilizing a krypton-filled proportional

counter tube, was operated with linear response

and a time constant of 0.5, 1, or 2 seconds, de-

pending upon peak height and recorder range.

Time constant and recorder range were chosen to

provide recorded peaks with smooth profiles and

near-full-scale heights. Recent studies have shown

time constants of 4 seconds or less to have no ef-

fect on recorded peak breadths when these peaks

are scanned at the slow goniometer speeds used in

line-broadening work.^^ A scanning rate of 0.1° min
was used with a recorder speed of 24 in. per hr.

This combination was found to produce peaks

whose breadths at half-maximum deflection could

be measured quite accurately. Nickel-filtered cop-

per X-radiation was employed for all routine crys-

tallite size measurements.

The computer program for routine crystallite

size determination was written for an IBM-704
computer, and performs the computations involved

in using the correction curves of Figs. 2 and 4 and

in solving the Scherrer equation for crystallite

dimension. This program requires as input meas-

ured peak breadth {Bo), diffraction angle (,26), Ka.

doublet separation (A), and instrumental broaden-

ing (6) for each diffraction peak of interest, and

furnishes as output the crystallite size {D) com-

puted from each diffraction line. Although the

crystallite size program in its present form is

somewhat limited in versatility,' it was used ex-

tensively in deriving the two types of crystallite

size curves for routine analysis, and has been

largely replaced by those curves.

With the availabihty of the computer program
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Fig. 5. Crystallite size versus half ])eak hicadlh

for BeO.

to calculate crystallite sizes rapidly, assumed ])eak

breadths and diffraction angles were used to cal-

culate simulated size values. By choosing the dif-

fraction angles of the more intense peaks of specific

substances and providmg a series of assumed peak

breadths, crystallite size values were obtained.

Each series of size values for each diffraction angle

were then plotted as a function of peak breadth.

This resulted in a set of cur\-es, such as that shown

in Fig. 5, from which unknown crystallite sizes of

the specific material could be determined.

The curves shown in Fig. 5 may be used to de-

termine beryllium oxide crystallite dimensions in

the range from 175A to 3000A from measured

(100), (002), and (101) diffraction peak breadths

obtained with copper Ka radiation. Similar sets of

curves have been prepared for rapid crystallite size

analysis of UO2 , a-AbOs , MgO, and various other

ceramic oxides.

To determine unknown crystallite sizes from

these curves, one or more of the stronger diffrac-

tion peaks of the substance are scanned w4th the

diffractometer, using the prescribed instrumental

conditions. Each observed peak breath, measured

in degrees at half-maximum intensity, is then

located on the proper crystallite size curve, and the

average crystallite thickness perpendicular to the

diffracting crystallographic planes is read from the

crystallite size scale. The process is extremely

rapid, yet it retains the degree of accuracy nor-

mally associated with line-broadening measure-

ments. In addition to being suitable for crystallite

measurements anywhere within the size range

covered, these curves can also be used to determine

crystalhte shape characteristics when these char-

acteristics produce preferential line-broadening

effects.

As an extension of the method using curves for

specific materials, a more extensive set of curves

has been prepared for the rapid determination of

cr3^stallite size of anj" strain-free material. This

set of curves was prepared with the aid of the

computer program b}' using as input a set of as-

sumed diffraction peak breadths and a series of

diffraction angles. The range of possible diffraction

angles thus included extends from 10 to 90° 2d by

increments of 5°. The resulting simulated crystal-

lite sizes, when plotted against peak breadths, form

a family of curves which can be used to determine

unknown crystallite sizes of am' suitable material.

Such a family of curves, for use with unresolved

copper Ka radiation, is shown in Fig. 6.

Using the curves in this figure, crystallite sizes

from 200A to 5000A may be approximated from

front-reflection peaks. Extensions to these curves

have been plotted which include much broader

diffraction peaks and extend the usable size range

down to about 20A. Also, a similar set of curves

has been prepared for use with resoh'ed copper Ka
radiation.

In order to use the curves of Fig. 6, diffraction

peaks from the specimen are scanned as previously

outlined, and the half-maximum breadths are

measured. Each observed peak breadth is then

located on the crystallite size curve corresponding

to its diffraction angle, and the resulting crystallite

dimension is obtained from the ordinate of the

graph. For diffraction peaks falling at angles be-

tween those represented by curves, crystallite size

is obtained by interpolation.

Similar to the sets of curves for specific mate-

rials, crystallite sizes can be determined very

rapidly from these general curves. However, the

need for interpolation may allow greater errors in

size estimation, especially over the larger size

range, thus making these general curves somewhat

less desirable when repeated analyses must be per-

formed on a given type of material.

Recently, the general applicability of the routine

crystallite size determination curves has been in-

vestigated.^" Since these curves, including those

shown in Figs. 5 and 6, were all derived using a

single X-ray diffractometer, it was not known
whether other diffractometers could be used to de-

termine cr3'stallite sizes from the same curves. In

particular, it was feared that other instrumental

setups, even if using the same commerically avail-

able slit systems and recording techniques, would

not exactly duplicate the instrumental broadening

curve of Fig. 3. Therefore, a series of beryllium

oxide samples, whose crystallite size characteristics

were known quite w^ell from previous X-ray hne-

broadening and electron microscope studies,^^ were

submitted to similar line-broadening analysis on

various other instruments.

Strip chart recordings of the (100), (002), and

(101) diffraction peaks were obtained under con-

ditions duplicating as closely as possible those used

in deriving the routine crystalhte size curves. After

half-peak breadths had been measured from these

charts, the curves of Fig. 5 were used to determine

the beryllium oxide sizes, and the values were com-

pared with those previously determined. Table 2
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Fig. 6. Crystallite size versus half peak breadth for various diffraction angles

Unresolved copper Ka radiation

lists some of the results of this study, and shows

the rather remarkable agreement found in the

measurements, especially among instruments of

the same manufacture. In general, the variation in

sizes listed in the table is felt to be within the

limits of error normally expected for the line-

broadening method of crystalhte size determina-

tion.

Since the slit combinations supplied with the

Norelco diffractometer could not duplicate the

system used for originally deriving the crystallite

size curves, a combination was chosen which pro-

duced diffraction peaks as nearly similar to those

of the other instruments as possible while allowing

reasonable X-ray intensity to reach the detector.

The system finally chosen consisted of a 4° diver-

gence slit, 0.006-in. receiving slit, and 1° scatter

slit. Under these conditions, very good intensities

were transmitted, allowing the use of short time

constants in the detector circuit, and peak breadths

were only shghtly narrower than corresponding

breadths obtained with the other instruments. This

shght narrowing of the diffraction peaks resulted

in somewhat larger crystallite size determinations,

especially in the critical large-crystallite range, as

seen in Table 2.

It is expected that further work will verify the

general agreement among instruments and aid in

the estabhshment of the usefulness of the meth-

ods of routine crj^stallite size analysis.

Table 2. Routine Line-Broadening Measure
MENTS Using Various Instruments.

Crystallite Dimensions of BeO, in Angstroms

Calcination Temperature

Instrument u o uU u u o o o
o

ro r^ " ^

(100) Line:

G.E.—XRD3 40 84 304 580 850 3400

Norelco 40 87 297 627 885 5150

G.E.—XRD5 37 85 297 595 910 2600

G.E.—XRD5 40 87 303 583 860 2600

(002) Line:

G.E.—XRD3 34 80 354 728 1010 2570

Norelco 33 79 354 785 1060 7400

G.E.—XRD5 39 81 347 747 1140 2570

G.E.—XRD5 39 85 347 692 1040 2570

(101) Line:

G.E.—XRD3 32 52 147 312 557 2200

Norelco 31 45 142 317 600 3350

G.E.—XRD5 32 50 143 320 557 2390

G.E.—XRD5 37 51 142 316 567 2020

Examples of Crystallite Size Determinations.

Recent studies of beryllium oxide calculation in-

cluded the determination of crystallite size as a

function of calcination temperature.'"' '^ By means

of X-rav diffraction Ime-broadening measurements,
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Fig. 7. X-ray diffractiou patterns of calcined beryllium oxide

crystallite size was found to increase regularly

with increasing temperatures of calcination, as can

be seen from the representative samples used in

compiling Table 2. As alreadj^ stated, these sizes

were determined by means of the curves of Fig. 5.

Four typical X-ray diffraction chart recordings

from samples listed in Table 2 are shown in Fig. 7.

This figure very vividly illustrates the change in

diffraction peak width with crystallite size, and
also illustrates the difficulty encountered in ac-

curately measuring very broad peaks. Also, the

figure shows that small changes in peak width rep-

resent much greater size changes in large crystallite

size material than in small crystallite size material.

Analysis of the diffraction peaks of Fig. 7 and
the data of Table 2 shows some rather interesting

facts about hydroxide-derived beryllium oxide

crystallites. First, it can be seen that (002) dnnen-

sions are usually- somewhat larger than (100)

dimensions. This is indicative of a slight tendenc}^

toward elongation along the hexagonal c-axis of the

crystallites, and was subsequently borne out by

electron microscopy. Examination of the (101)

peak breadths and crystallite dimensions shows a

more puzzling fact. The (101) peaks are definitely

broader than (100) or (002) peaks, indicative of a

considerably shorter crystallite thickness perpen-

dicular to (101) planes. However, this seeming

anomaly is caused by basal plane stacking faults

present along the lengths of the crystallites, and

has also been verified by electron microscop3^ By
calculations involving the apparent (101) crystal-

lite dimensions, the average distance between the
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stacking faults in each sample has been deter-

mined.^^

That the characteristics described above are not

necesarily shared by all types of calcined beryllium

oxide crystallites has been shown by line-broaden-

ing analyses of different starting materials .^° For

instance, beryllium oxide crystallites formed from

a sulfate source material were shown to first ex-

hibit tabular shapes with the thin dimension paral-

lel to the c-axis. Increased heating of this material

then caused growth along the c-axis direction until

that dimension eventually exceeded a-axis dimen-

sions. On the other hand, similar studies of beryl-

lium oxide calcined from an oxalate starting

material revealed the immediate formation of

rodlike crystallites considerably elongated along

the c-axis. This rodlike character persisted even

after high-temperature heating. No stacking faults

were found in either of these last two types of

beryllium oxide.
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The measurement of crystallite size by the X-ray

diffraction (XRD) powder technique must utiUze

two separate diffraction effects to cover the entire

practical range (0.005-100 fi).

1. The spottiness of XRD lines on powder photo-

graphs.

2. The broadening of XRD lines on powder pat-

terns, either photographs or recording diffractom-

eter strip charts.

Powders in which the average monocrystal size

exceeds ~10 fi usually yield spotty lines on photo-

graphs taken with a stationary specimen and con-

ventional apparatus. In cases of high crystal

symmetry, however, smooth lines frequently result

from powders no smaller than 325 mesh (~37 fx),

but these can be made to give spotty patterns by

reducing the area of the incident beam, thereby

effectively reducing the number of crystals con-

tributing to the diffraction.

Two methods have been used for quantitatively

determining the average crystal size from such

spotty powder patterns. Clark and Zimmer,^ in

early and classic research with a variety of crystal-

Hne materials whose crystal size was rehably es-

tablished by microscopic measurements, demon-

strated the linear relation between average length

of the XRD spots and average crystal size. Thus,

after the slope of the straight line for a particular

experimental setup has been established, the crys-

tal size for any material run in this equipment

under identical experimental conditions can be

easily obtained by determining the size of the

spots from the photograph and reading the crys-

tal size from the graph.

Alternately, the number of spots in the XRD
line can be related to crystal size mathematically.

Stephen and Barnes' have shown on a plot of

crystal size vs. number of spots in a line the close

agreement between X-ray and microscopical meth-

ods. Again, having established the curve for a

given experimental setup subsequent materials can

be handled quite routinely.

The method of determining crystal size by the

spottiness of XRD photographs has practical ap-

plication over a size range of from '-^lO to 100 m-

Clark is quick to point out, however, that one

must be cautious in the general application. Dili-

gent attention must be given to such comphcating

uncertainties as uniformity of crystal size and ab-

sence of residual stresses, strains, preferred orien-

tation or fibering. All can lead to ambiguous re-

sults if not recognized and properly weighed in the

interpretation of results. Consequently, X-ray

methods based on spottiness of photographs are

not offered as a substitute for microscopic meth-

ods but rather as a supplement, or for use when
microscopic methods fail.

When the average size of the monocrystal? in a
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powder falls below ~10 fi, smooth continuous

XRD lines are obtained by conventional methods,

limiting the appUcabihty of the above procedures.

If, however, the size becomes less than ~1 ^ a new

diffraction effect results: the broadening of XRD
lines.^ This broadening is inversely proportional to

the size of the crystals; i.e., as crystallite size de-

creases XRD lines broaden according to the

Scherrer equation

D =
K\

/3 cos

where D is the size of the crystals, X is a constant

whose value depends on the shape of the crystals

and on the particular quantities chosen as D and

iS, and /3 is that broadening which results only from

the reduced size of the crystals.

D (crystal size) may be defined by either the

average thickness of the crystallite in a direction

perpendicular to the reflecting planes or the cube

root of the volume of the crystallite. Likewise, /3

has been widely used as either the half-maximum

diffraction breadth or the integral diffraction

breadth. The constant K is related to the above

two quantities and also to the shape of the crystal-

lites. It varies around unity and is quite difficult to

assign with precision except in those rare instances

when crystallite shape has been previously well-

defined and is known to be uniform throughout.

The defining of D and /3, the choice of K con-

stant, and the relative merit of the various meth-

ods for deriving /S from the observed diffraction

breadth (Scherrer's, Warren's, Jones', Stokes') are

largely a matter for individual choice based on

particular instrumentation, experimental setup,

materials of interest and information sought, and

relative and/or absolute accuracy desired. Detailed

treatment of all these considerations is beyond the

scope of this summary. They are, however, well

covered in the literature. Klug and Alexander's

text* is particularly recommended ; it includes also

a comprehensive discussion of the derivation and

development of theoretical principles, realistic

practical considerations and applications, and a

quite complete bibliography.

Crystallite size can be determined from XRD
line broadening by either photographic or record-

ing diffractometer techniques. The former is more
laborious and time-consuming and yields less re-

liable results over a more limited range (except

when focusing cameras are used) than the record-

ing diffractometer.

For crystallites of very small sizes—say 0.005 to

0.10 IX—the K a-doublet cannot be accurately re-

solved in the back reflection region and it is best

to use a line in the forward reflection region where

the separation can be adequately allowed for by
mathematical or graphical treatment. Conversely,

for larger crystals—of the order of 0.05 to 1.0 ix
—

where the K a-doublet can be clearly resolved, a

high angle line is required to reduce the cos d

values to a level where the larger crystals can be

measured with sufficient precision.

In our laboratory we have defined the terms in

the Scherrer equation as follows

:

B = average thickness of the crystals in a direc-

tion perpendicular to the reflecting planes

(iuM X 10-*);

^ = half-maximum diffraction breadth as de-

rived by the Jones^ method (in radians);

K = 0.9 from the above.

The above definitions of D and /3 minimize the

effect of crystallite shape (usually unknown and

hkely nonuniform in routine practice) on the ob-

served line profile.

The general application in utiHzing a forward re-

flection line is then as follows. The pure diffraction

breadth (i.e., the minimum breadth for crystals of

effectively infinite size) for a suitable fine is meas-

ured, preferably from a well-crystallized, stress-

and strain-free specimen of the same material as

that to be subsequently measured. Materials of

different composition can be successfully used if

close attention is paid to respective mass absorp-

tion coefficients, proximity of standard and un-

known lines, etc. Obviously, the crystals of the

standard must be sufficiently large to give a pure

diffraction breadth, yet not so large as to produce

spotty lines on powder photographs or statistical

errors in diffractometer recordings (Klug and Alex-

ander recommend 5 to 20 n). This measurement is

ho in the nomenclature of Jones which will be used

throughout this discussion. The ai-a2 separation, a,

for the particular radiation and angle 6 being used

can be taken from publi.shed tables in various

standard texts (e.g., Guinier^ Appendix VIII).

Then a/bo and Jones' correction curve for the a-

doublet broadening yields b/h, from which b is

calculated.

The breadth, Bo, of the same line for the ma-

terial for which the crystallite size is to be de-

termined is next measured, using precisely the

same experimental setup. Correcting for broaden-

ing arising from the a-doublet as above yields B,

from which b/B is calculated, and, Jones' curve for

correcting for instrumental broadening supplies

13/B from which /S is calculated. The final step is

to then solve the Scherrer equation for D.

The application for the case employing the back

reflection line is much simpler. Used in conjunction

with the above, it need only be used for crystals

suflficiently large to resolve the a-doublet, thus

eliminating this correction. In addition, Klug and

Alexander advocate the straight-line function for

correcting for instrumental broadening. This means

that the derivation of /3 is simply Bo — bo .

If a considerable number of similar samples is

to be studied (e.g., processes regularly monitored

over extensive periods) a plot of crystalhte size

vs. half-maximum breadth can easily be con-

structed by arbitrarily varying Bo (in increments

suflacient to give a well-defined curve) and solving

as above for D. Such a plot also shows at a glance

the limits with which practical measurements can

be made with any degree of relative accuracy for a

particular experimental setup.

To review, applications using forward reflection

lines yield results of practical relative accuracy
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over a range of from '-0.005 to 0.10 ix; the range

for back reflection lines is from ~0.05 to 1.0 m.

It has been demonstrated that with a reasonably

modern recording diffractometer and a slow scan-

ning rate half-minimum breadths can be repro-

duced to ±0.01° 26 over long periods of time (see

Quantitative Analysis of Mixtures). From typical

working curves established as outhned above the

corresponding relative accuracy is as follows:

From forward reflection lines

:

f
±0.01 M at the 0.1 M level ]

about { zbO.OOl n at the 0.03 m level \

[±0.0001 M at the 0.007 m level
J

From back reflection lines

:

(±0.3 ^l at the 1.0 /x level

about <! ±0.08 M at the 0.5 /x level

[±0.005 fx at the 0.1 m leve.,

The absolute accuracy cannot be determined in

such a straightforward manner and in lieu of more

elegant treatment in the derivation of ^ (e.g.,

Fourier analysis) and the K constant, uncertainties

frequently preclude any claims to precision. Klug

and Alexander state that the absolute accuracy

is probably no better than 25 to 50 per cent. Al-

though a systematic comparison has not been

undertaken in the writers' laboratories, numerous

individual materials have been studied with both

X-ray diffraction and the electron microscope with

respect to average ultimate crystal and particle

size. Frequently both techniques yield results in

far better agreement than the 25 to 50 per cent

accuracy indicated above and suggest a more toler-

able absolute accuracy. It must be remembered,

however, that the two techniques can only give

comparable results when the ultimate particles

viewed by electron microscopy are monocrystals.

This, of course, is not commonly the case in the

routine examination of materials from ciuite

diverse research and, indeed, points up an impor-

tant advantage of the XRD method; identifica-

tion of indispersible aggregates, agglomerates,

pseudomorphs, etc., as polycrystalline and at the

same time yielding the average monocrystal size.

(Like results can be obtained for suitable size

ranges by use of XRD small angle scattering for

particle size determination.)

A brief list of some things for which we have

measured crystallite size by the XRD line broad-

ening technique and obtained highly informative

results will serve to indicate the general application

for the chemical industry,

1. Catalysts, new and used (both the support

and active components).
2. Polymers.

3. Metals and metal oxides (inorganic pigments,

oxide-strengthened metals, etc.).

4. Ternary compounds prepared by precipitation.

5. Nickel hydoxide, cited because a difference in

the amount of broadening in lines from reflecting

planes for certain type indices yields information

about the shape of the crj-stallites (in this case flat

plates).

6. Two-dimensional layer structures (non-

graphitic carbon).

In addition to the average crystalhte size from

line broadening, the shape of the lines gives a

qualitative indication as to the range of sizes in a

particular specimen. For example, on a recordmg

diffractometer strip chart, lines that are exces-

sively broadened at the base but have a relatively

sharp peak indicate a wide range of crystallite

sizes. The average size obtained as above, with /3

defined as the half-maximum breadth, is always

too high with this situation. (Similarly, quantita-

tive measure of amounts using intensities derived

by multiplying the net intensity by width at half-

maximum—see Quantitative Analysis of Mixtures

—are always too low.) When there is a wide range

of crystallite sizes integral breadths give more

realistic results.

Another source of error is the presence of

strains (residual or introduced during preparation

of the XRD specimen) in either the standard or

unknown materials since broadening will result

which is extremely difficult to resolve from that

due to reduced crystallite size. Every care should

be taken in preparation of standards to insure the

absence or removal of external strains and enough

should be known of the history of the unknown to

determine if a lattice distortion is a likely prob-

lem. If in doubt as to the possible presence of

broadening due to strains, a relatively simple

qualitative check is available. Bijvoet*' has shown

that when the broadening results from reduced

crystallite size, its magnitude is related to the

wavelength of the incident radiation (5 2 ^ = X/pd

cos d where -pd is the crystallite size as defined

above) and decreases with decreasing wavelength.

But, when the broadening results from a strained

lattice, it is related to the net-plane distance [5^ =
(5 d/d) tan d where d is the interplanar spacing]

and is independent of wavelength. Thus, materials

exhibiting line broadening with a particular in-

cident wavelength can be re-examined using a

shorter wavelength radiation. If the magnitude of

the broadening persists for a given angle it can be

attributed almost entirely to lattice strains. If,

however, it decreases it must be due in part to

reduced crystallite size. With a knowledge of the

ratio of broadening magnitude for the two wave-

lengths (which can be calculated) some insight

into the amount of broadening resulting from each

cause can be realized. Quantitative separation of

the broadening from each cause must await the

gathering of much experimental data ; however, the

authors have demonstrated the qualitative prac-

ticability of the test using specimens of coined

and uncoined nickel. If crystallite size determina-

tion only is of interest the strains can be removed

under conditions which will not cause crystal

growth and crystallite size redetermined.

It will be noted that the above two XRD meth-

ods for determination of crystal sizes leave the

range of from '^l to 10 /x completely unmeasurable.

More recent work has indicated this gap may very

nicely be breeched with specialized equipment

(now commerically available) and proper tech-
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nique. Keller et al.^ using a microbeam setup

—

which effectively reduces the number of crystals

being irradiated to a level which yields spotty

lines for crystals of sizes which normally produce

smooth lines by conventional techniques—have ob-

tained reliable results in this size range.
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(Chicken); Incisor of Rat; Malformations, Congenital;

Semiconductors.

DEBYE-SCHERRER—HULL POWDER DIFFRACTION METHOD.
See Parameters of Crystal Lattices I.

DEFECTS IN IONIC CRYSTAL LATTICES

Ionic Crystals. A solid is in the crystalline state

when its basic constituents are arranged in a reg-

ular array called a lattice. These constituents may
be ions, atoms or molecules. Sohds such as glass

which do not display fixed ordering are called

amorphous solids. In an ionic crystal, where ions

form the periodic building blocks, the predomi-

nant force holding the solid together is the electric

force between ions. Sodium chloride (NaCl) or

common table salt is an example of an ionic crys-

tal and Fig. 1 shows the perfect NaCl structure.

Part (a) of this figure shows the three dimensional

structure, and part (b) shows the two dimen-
sional pattern that exists in three mutually per-

pendicular planes of the solid. Each sodium atom
has effectively transferred one electron to each

chloride atom, resulting in a positively charged

sodium ion and a negatively charged chloride ion.

The fixed distance of separation between like ions

in such an array is termed the lattice constant,

Ro, which is approximately 5.6A for NaCl.
One notes in Fig. 1 that the nearest neighbor of

each ion is an ion of opposite charge at a distance

Ro/2 (in three dimensions there are six such near-

est neighbors), and the second nearest neighbor at

a distance of Ro/V2 is an ion of like charge (in

three dimensions there are 12 such ions). It is ap-

parent that the electric force acting on any ion is

a composite of both attractive and repulsive forces

produced by successive groups of unlike and like

ions located at increasing distance from the given

ion. The very existence of ionic solids implies that

the attractive forces exceed the repulsive forces

and that each ion has a net energy of binding in

the lattice. Assuming each ion behaves exactly

like a point charge centered at each ion site in

the lattice, it is relatively easy to calculate the

lattice energy by adding the coulombic interaction

of each ion with all other ions and summing this

energy for all ions of the lattice.^' "• ^ Such a calcu-

lation for one mole of NaCl gives a coulombic

energy of approximately 200 kilocalories. A value

of about 180 kilocalories per mole (or about 8

electron volts per molecule) is observed in the

laboratory. The difference is accounted for by the

quantum mechanical repulsion that closed-shell

ions like Na"" and CI" exert on one another. Hence,
purely on the basis of simple electrostatic con-

siderations, one arrives at a value of lattice energy
for an ionic crystal which accounts for most of the

binding.

The representation of the NaCl structure as

shown in Fig. 1 is an idealization for a real crystal.

This perfect structure does not actually exist

throughout an extended volume of a crystal; usu-

ally it exists only over very hmited regions. The
deviations from perfection which occur in the lat-

tice are termed lattice defects. They are of ex-

treme importance in describing the properties of

ionic crystals since many of the properties of the

crystal are a consequence of the imperfection

structure. Accordingly, the focus of attention in

studying ionic crystals is largely directed toward
an understanding of imperfection structure. Since

many defects in ionic crystals can be produced by
ionizing radiation such as X-rays and gamma
rays, radiation provides a powerful tool for study-

ing the properties of crystals by providing a means
for altering the defect structure of the crystal in

a controlled way. Color centers are special t3^pes

of defects that are particularly amenable to study

by such an approach. Let us describe the funda-

mental lattice defects, vacancies, interstitials, dis-

locations, impurities, electrons, holes, and exci-

tons, and see how these defects together with

color centers play an important role in the physi-

cal properties of ionic crystals.

Frenkel and Schottky Defects. Frenkel* and
Schottky^ suggested the possibility of two types

of atomic defects. These defects have come to be
identified with the names of their discoverers. The
Frenkel defect is illustrated to the left of Fig. 2.

It results from a substitutional ion in the lattice

moving to an interstitial lattice position. The
interstitial and vacancy which constitute the

Frenkel defect are presumed to be of sufficient

separation that there is no appreciable interaction

between them. In principle one might expect this

defect to occur in both the positive and negative

ion sublattices; in NaCl considerations of ionic

size greatly favor the formation of the sodium
interstitial rather than the chloride interstitial.

The Schottky defect, consisting of a positive and

negative ion vacancy, is shown to the right of

Fig. 2. This defect is equivalent to the removal

of two oppositel}^ charged ions from the interior

of a perfect lattice and placing them on the sur-

face of the crystal. Electric charge neutrahty re-

quires the production of these defects in pairs of

opposite electrical sign. The Schottky defect turns

out to be more probable in ionic crystals such as

the alkah halides (e.g. NaCl), while the Frenkel

195
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+ Ro

(a) (b)

Fig. 1. The ''perfect" NaCl structure in (a) three

dimensions and (b) two dimensions. The positive

and negative signs in the figure stand for Na^ and

Cl~ ions respectively. The lattice constant Ro is

5.6A for NaCl.

B

S

Fig. 2. To the left a positive interstitial ion and

positive ion vacancy (Frenkel defect) and to the

right a positive and negative ion vacancy (Schot-

tky defect).

defect predominates in ionic crystals such as the

silver hahdes (e.g., AgCl).

The theoretical basis for Frenkel and Schottky

defects rests on the fact that the free energy of a

lattice with these defects is less than that of a

lattice without them. Hence these defects are gen-

erated thermodynamically and over a sufficiently

high temperature range are expected to be in

thermodynamic equilibrium with the lattice, their

concentration increasing with increasing tempera-

ture. The concentration of Schottky defects as a

function of temperature is given by the following

theoretical relation

:

n = no exp (-E/2kT)

where no is a constant, E is the energy to produce

a pair of separated vacancies, k is the Boltzmann

constant, and T is the absolute temperature. The
concentration of Frenkel defects is given by a

similar relation.

How do the presence of such defects as inter-

stitials or vacancies affect the properties of ionic

crystals? Let us focus our attention on ionic crys-

tals of the alkah halide type (NaCl, LiF, KI, etc.)

and consider the effect of Schottky defects on dif-

fusion and electrical conduction in these crystals.

Under ordinary circumstances Schottky defects

might be expected to wander throughout the crys-

tal randomly by the thermal action of neighboring

ions jumping into the vacancies. When an ion

jumps into a vacancy, a vacancy is left behind

and there has been an ionic motion. Diffusion in

alkali halide crystals occurs by precisely this proc-

ess and radioactive tracing techniques have been

successfully used to measure this process. For ex-

ample, Mapother, Crooks, and Maurer® have

measured self-diffusion of sodium in NaCl and

NaBr by following radioactive sodium through

the lattice. Likewise, Schottky defects provide a

logical basis for explaining electrical conduction in

alkali hahde crystals which Tubandt' verified as

being due exclusively to ionic motion. The action

of the electrical field is to superimpose a direc-

tional component to the random motion of the

ions resulting in a directional flow of charge. Elec-

trical conduction occurs by the motion of either

the positive or negative ion or both; however, the

conductivity is due predominantly to the positive

ion even at high temperature owing to the rela-

tnely large size and low mobility of the negative

ion.

Einstein- pointed out as long as the diffusion

and conductivity arise from the same process, the

following relation between the specific conductiv-

itv cr and the diffusion constant D should hold,

D ncVkl\

where n is the density of the carriers of charge,

and e is the charge of each carrier (k and T have

been defined above). Deviations from the Einstein

relation are usually taken to mean that there is a

process contributing to the conductivity that is

absent in diffusion, or vice versa. Mapother,

Crooks, and Maurer for example, in their above-

mentioned work showed that the Einstein relation

is indeed valid in a sufficiently high temperature

range, but not in the range of lower temperature.

They attributed the deviation at low tempera-

tures to the presence of complexes in the crystal;

these complexes are positive divalent impurities

and positive ion vacancies which are joined to one

another by their mutual coulomb attraction. As a

bound unit they form an electrically neutral en-

tity which does not contribute to the electrical

conduction but does contribute to the diffusion.

Dislocations. Another imperfection that has

been used to explain certain properties of crystals

is the dislocation. Dislocations were first discussed

by PrandtP and Dehlinger,^° and later Orowan,"

Taylor,'- and Polanyi'^ used the idea of the dis-

location to explain slip in crystals ; also the growth

of crystals has been explained on the basis of dis-

location theory by Frank.'*

A dislocation may be thought of as a fault in

the structure of a crystal much like a geologic

fault in the strata of the earth. It is actually a

misregistry of the lattice structure. The simplest

dislocation is a Taylor-Orowan dislocation or edge

dislocation. It is easily visualized as the insertion

of an extra half-plane into a cut along a crystallo-

graphic plane of a crystal. Fig. 3 shows a sche-

matic representation of the atomic configuration



197 DEFECTS IN IONIC CRYSTAL LATTICES

surrounding an edge dislocation. It is clear that a

crystal is distorted in the neighborhood of the dis-

location; the stress set up perpendicular to the

extra half-plane puts the surrounding lattice un-

der compression while the portion of the lattice at

the foot of the inserted half-plane is effectively

stretched and under tension. The general features

of an edge dislocation in an ionic crystal such as

NaCl are in accord with the schematic represen-

tation of Fig. 3; however, a modification is re-

quired owing to the arrangement of alternate

positive and negative ions in the crystal plane. In

the case of an ionic crystal the edge dislocation is

produced by the insertion of two half-planes, side

by side, into a cut in the crystal. A single plane

would not be electrostatically stable owing to the

mismatch of the ions of the inserted plane and

those in the two adjacent planes. This difficulty,

however, is circumvented when two half-planes

are inserted into the lattice, side by side.

The edge dislocation may have steps or "jogs"

where the edge of the extra half-planes extends to

varying distances into the crystal (see Fig. 3).

These jogs are potential sources or sinks for va-

cancies in the crystal. An ion taken from the body

of the crystal and put in the position of the jog

effectively extends the extra half-plane one atomic

spacing farther into the crystal, and at the same

time introduces a vacancy in the crystal at the

former lattice site of the ion. As the jog moves in

this fashion, alternate positive and negative ion

vacancies are created in the crystal. The disap-

pearance of vacancies at jogs in edge dislocations

occurs by the reverse process. In this case the ion

at the jog moves into the crystal, reversing the

direction of motion of the jog and annihilating a

vacancy in the crystal. Although the dislocation is

in itself not a thermodynamic defect like the

Schottky defect, the motion of jogs does provide

a possible mechanism for both the thermodynamic

production and annihilation of Schottky defects

with an increase or decrease of temperature. Seitz^^

has also used this dislocation-jog mechanism of

vacancy generation to explain the large increases

in the electrical conductivity and coloration that

occur in plastically deformed alkali halide crys-

tals. Vacancies generated during plastic deforma-

tion presumabl}^ contribute to an increased ionic

conductivity as well as provide electron and hole

traps for the formation of color centers (a discus-

sion of color centers follows in a subsequent sec-

tion). Seitz also has theorized that ionizing radia-

tion such as X-rays and gamma rays directly

produce vacancies in crystals via the dislocation-

jog mechanism. The process envisioned by Seitz^"

is as follows : an X-ray incident on an alkali halide

gives rise to a photoelectron which subsequently

dissipates its energy by producing free electrons,

holes, and excitons. (A section on electrons, holes

and excitons follows shortly; for present purposes

an exciton is simply a mobile bundle of energy in

the lattice.) The excitons can wander through the

crystal and upon encountering dislocations they

may decay, producing a burst of lattice vibration

(a so-called thermal spike). This thermal spike

Fig. 3. Atomic configuration surrounding an edge

dislocation. An "extra" half-plane of atoms (dark

circles) is inserted into a cut along a crystallo-

graphic plane of the crystal (open circles). The
step in the inserted half-plane is called a jog

(marked with an a:).

may promote the evaporation of vacancies from

the dislocation via the dislocation-jog mechanism.

Such vacancies not only contribute to color center

formation under X-rays and gamma rays, but in

addition are presumably fundamental to changes

in macroscopic density that occur in irradiated

crystals."

Impurities. The presence of foreign or impurity

atoms in a crystal can affect the properties of the

crystal markedly.'^' '®' -° Heavy metal impurities

such as silver, copper, lead, and thallium introduce

optical absorption bands, and crystals containing

these impurity atoms often show characteristic

luminescence when they are optically excited at

the wavelength of these absorptions. Certain im-

purities also affect the sensitivity of crystals to

X-rays and gamma rays. Etzel and Patterson'^ for

example have shown that the presence of hy-

droxyl ions greatly affects the sensitivity of alkali

halide crystals to ionizing radiation; positive di-

valent impurities like calcium are also known to

alter the sensitivity of alkali halide crystals when
exposed to ionizing radiation. It is well-known

that impurity atoms can alter the mechanical

properties of crystals. The process of impurity

hardening is a case in point. The specific density

of crystals likewise can be altered by the presence

of foreign atoms."
A significant role of impurities in ionic crystals

is their effect on the ionic conductivity. There is

a considerable increase in the conductivity when
divalent impurities are added to monovalent ionic

crystals like the alkali halides. The explanation of

this increase is easily understood with the use of

Fig. 4. When a divalent ion, for example barium,

calcium, or strontium, substitutes for a monova-
lent sodiuiri ion in NaCl, a sodium ion must leave

the lattice to maintain electrical neutrality. This
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Fig. 4. A positive divalent impurity ion at a sub-

stitutional site in an ionic crystal. The positive

ion vacancy is reciuired to compensate for the

extra positive charge introduced by the impurity.
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Fig. 5. The ionic conductivity of KCl contain-

ing various amounts of barium after Kelting and

Witt.^^ The quantities Gi are the mole fractions

of divalent addition.

requirement is called the principle of charge com-

pensation. Thus for each positive divalent ion in-

troduced into the lattice substitutionally, a posi-

tive ion vacancy is created. The enhancement of

conductivity that results is then attributed to the

increase in the number of positive ion vacancies

in the crystal. Fig. 5 shows a plot of the ionic

conductivity of KCl doped with different amounts

of BaCl2 as a function of the reciprocal of the

absolute temperature taken from the work of

Kelting and Witt."^ Quahtatively, the conductivity

is the same for other alkali halides doped with

positive divalent impurity. Each of the conduc-

tivity curves shows two characteristic ranges. The

first is the high-temperature range which extends

as a straight line from near the melting point to

a point where the curve turns sharply. This sharp

turn is called the ''knee" of the conductivity

curve. The second range is an approximate

straight line extending from the knee to lower

temperature. It is to be noted that after the knee

is reached by different parallel paths in the low-

temperature range all conductivity curves coin-

cide in the high-temperature range. The interpre-

tation of these ranges is the following. The

high-temperature range is a unique function of

the temperature, independent of the impurity con-

tent of the crystal. For this reason it is referred to

as the intrinsic range. The number of vacancies in

the crystal generated thermally greatly outnum-

ber those introduced by the divalent impurity

and the conductivity is dominated by them. The

slope of the conductivity curve in this range is

associated with both the energy for migration as

well as the energy for creation of vacancies. The

low-temperature range is characterized by the im-

purity content of the crystal so that the mecha-

nism giving rise to the high-temperature conduc-

tivity above the knee no longer applies. The

vacancv content and in turn the conductivity are

controlled by the amount of impurity in the

crystal, and hence, the low-temperature range is

referred to as the structure-sensitive range. The

slope of the conductivity curve in this range is

associated only with the energy for migration of

ions.

It is to be noted in Fig. 5 that even the crystals

Nvitliout impurity addition (curves 7 and 8) show

l)oth intrinsic and structure-sensitive behavior.

The fact of the matter is that even without the

intentional addition of divalent impuritj' to a

crystal there is some small but significant impur-

ity content present. The problem of crystal purity

is a basic problem confronting all work in solid

state physics. Owing to the known extreme sensi-

tivitv of crystals to the presence of impurity

atoms (many of the effects we have mentioned

result from impurity concentration of less than a

few parts per million), it is of considerable funda-

mental importance to study purer and purer crys-

tals. Unfortunately, purities of better than a few

parts per million are not easily attained. A promis-

ing recent approach to the purity problem is the

use of zone refining techniques which have been

adopted to purification of crystalline solids.'"'
^"^

Electrons, Holes, and Excitons. The quantum

mechanical developments of the 1920's have

played an important role in the theory of solids

and modern concepts of ionic crystals are very

much dependent on these developments. In par-

ticular, the electronic band structure of solids

forms the basis for a discussion of electrons, holes,

and excitons in ionic crystals.

The band theory of solids can be viewed by

analogy to the energy level scheme of isolated

atoms.' For an isolated atom there are discrete

energv levels corresponding to the excited states

of the valence electrons. Transitions occur by the

absorption of discrete "quanta," of radiant energy

and successively higher energy quanta are re-

quired to raise the electron from the ground state

to successively higher excited states. These states

eventually pass into a continuum of states cor-

responding to ionization of the atom. The energy
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of the electron in the continuum can be altered

continuously by the absorption of radiation since

the energy levels in the continuum are very

closely spaced. In a crystal the atom is not iso-

lated "but rather it is closely associated with many

other atoms in the lattice. Under this condition a

series of bands of very closely spaced energy levels

result in which electrons are allowed to reside,

separated by forbidden gaps in which electrons are

not allowed. The bands in the solid replace the

discrete levels of an isolated atom, and the for-

bidden gap is analogous to the region between

discrete levels of an isolated atom in which elec-

trons are not allowed.

When the Pauli exclusion principle is invoked

for a sohd only a certain number of electrons are

allowed to have the same energy. This results in

the successive fiUing of the energy levels within

the bands of the sohd with electrons. The valence

band in an ionic crystal is characterized by the

fact that it is the highest energy band in which

unexcited electrons reside. Figure 6 shows the va-

lence band for a typical ionic crystal; it is com-

pletely shaded indicating that all of the closely

spaced energy levels of the band are filled with

electrons. The next higher energy band in which

electrons may reside is called the conduction

band. This band in a normal ionic crystal is de-

void of electrons. An electron removed from the

filled valence band results in the production of

what is called a hole. The hole is the absence of

an electron in the valence band, and since there is

a definite place for this electron, its absence is

felt and manifests itself in a way that is com-

pletely equivalent to the presence of a positively

charged particle. Thus the hole bears much the

same relationship to the electron in solid state

physics as the positron bears to the electron in

nuclear physics. If an electron and hole recom-

bine, a burst of luminescent energy may appear

much like the annihilation radiation of an elec-

tron-positron collision.

Since electrons cannot be energized within the

filled valence band owing to the Pauli exclusion

principle, and since they cannot be continuously

energized from the valence band to the conduc-

tion band owing to the forbidden gap, ionic crys-

tals do not conduct electronically (in agreement

with the fact that the conduction is strictly ionic

as mentioned earlier). It is easy to see, however,

that ionic crystals can exhibit photoconductivity,

because a light quantum of sufficient energy may
raise an electron from the valence band to the

conduction band. This process is pictured as step

(1) in Fig. 6. The excited electron in the conduc-

tion band and the hole left behind in the valence

band can then move under the influence of an

electric field and be measured as an electronic

current.

It is observed experimentally that ionic crystals

are essentially transparent over a wide spectral

range extending from the ultraviolet, through the

visible and into the infrared portions of the elec-

tromagnetic spectrum. Ionic ciystals, however,

show characteristic optical absorption structure at

sufficiently short wavelengths in the ultraviolet

and at sufficiently long wavelengths m the infra-

red. This structure is shown schematically in Fig.

7a where the absorption constant a is plotted as a

CONDUCTION
BAND

EXCITON LEVELS

ELECTRON TRAP
(F CENTER)

VALENCE
BAND

Fig. 6. Band scheme of an ionic crystal. The
valence band (shaded) is normally completely
filled with electrons and the conduction band is

normally completely devoid of electrons. An elec-

tron excited to the conduction band leaves behind
a positive hole in the valence band (1). The free

electron and hole are mobile until they either re-

combine with one another (2), or they become
localized at traps in the forbidden gap introduced
by lattice defects (3). An electron may also be
excited to various levels just below the conduction
band forming an exciton (4). In the event the

electron trap is a negative ion vacancy an F
center is formed; a few electron volts of energy
is sufficient to raise the electron to its first excited

state giving rise to the characteristic F-band opti-

cal absorption (5).
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Fig. 7. (a) The schematic absorption spectrum
of a typical ionic crystal such as NaCl showing
strong fundamental absorption in the ultraviolet

and lattice, absorptions due to ionic vibrations in

the infrared, (b) Shows the same absorption spec-

trum with the inclusion of absorption bands re-

sulting from various color centers in the normally
transparent portion of the spectrum.
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function of both wavelength and photon energy;

the absorption constant is a measure of the ab-

sorption of a given wavelength photon per unit

thickness of crystal

;

a = l/d In Uo/I),

where h/I is the reciprocal of the fraction of hght

transmitted by the crystal and d is the crystal

thickness along the optical path. It will become

clear in the subsequent section on color centers

that the determination of a as a function of wave-

length is the fundamental measurement performed

in the optical examination of lattice defects.

The infrared absorptions of Fig. 7a correspond

to resonant vibrations of the ions of the lattice

while the higher frequency ultraviolet absorption

structure (called the fundamental absorption) re-

sults from electronic transitions. This is in accord

with the expectation that ions with large mass and

inertia compared with electrons show resonant

absorptions at lower frequency (longer wave-

length) than the resonant transitions of electrons.

The transition of an electron from the valence

band to the conduction band in the manner pic-

tured in step (1) of Fig. 6 results in the band to

band absorption of Fig. 7a. The strong optical

absorptions on the long wavelength side of the

band to band absorption are called exciton ab-

sorption bands. These bands have been observed

in ionic crystals by Pohl,'' and Schneider and

O'Bryan,^^ and they represent excited electronic

states that He sHghtly below the conduction band,

step (4) of Fig. 6. It is believed that such transi-

tions result from the excitation of a valence elec-

tron on a negative ion, forming what may be con-

sidered a bound electron-hole pair. This pair is

able to migrate from one negative ion to the next,

and since excitons are neutral they show no pho-

toconductivity as they migrate. Excitons are

thought to have various excited states much Hke

an electron bound to a proton in a hydrogen atom.

Just as an electron in a hydrogen atom can be

energized to successively higher energy levels until

it passes to a continuum of energy levels when it is

ionized, so it is in the case of the exciton where in

the series limit the electron and hole become free

of one another as the electron passes to the con-

duction band from an upper exciton level. Fig. 6.

Since the exciton is a bundle of energy which may
decay by the recombination of its constituent elec-

tron and hole, a good deal of energy may become

available in the crystal in such a process. In par-

ticular, the decay of excitons at dislocations might

account for the generation of vacancies from dis-

locations during X-irradiation as indicated above

in the discussion of the dislocation-jog mechanism

of vacancy production.

Color Centers. It was pointed out in connection

with Fig. 6 that if ionic crystals are irradiated

with radiation of sufficient energy to raise elec-

trons from the valence band to the conduction

band, free electrons and holes are produced in the

crystal. This requires a sufficiently energetic ultra-

violet photon corresponding to the energy of the

band gap. X-rays and gamma rays are even more

200

highly energetic photons and accordingly are also

very efficient in producing free electrons and

holes in ionic crystals.
_ .

In the case of the idealized perfect ionic struc-

ture of Fig. 1 free electrons and holes resulting

from exposure to radiation would wander through

the perfect periodic potential of the crystal until

they eventually encounter one another and re-

combine (step (2) of Fig. 6). In real crystals con-

taining defects, however, this is not the only pos-

sibility. Defects of the type we have discussed

such as Schottky defects or impurity atoms pro-

vide regions in the crystal where electrons and

holes become trapped before they have a chance

of recombimng. The energy levels associated with

these defects often he in the forbidden gap. Fig.

6 shows two such defect levels (or traps), an elec-

tron trap near the conduction band and a hole

trap near the valence band. Electrons and holes

bound in traps have excited states, and radiation

of the proper frequency corresponding to the

energy between the ground and excited states will

be selectively absorbed. It is this resonant absorp-

tion of trapped electrons or holes that produces

new optical absorption bands called color centers.

Since these transitions correspond to energies con-

siderablv less than the band gap, the resonant

absorptions occur to the low energy or long wave-

length side of the fundamental absorption. Fig.

7b shows schematically a few of the more impor-

tant color center absorptions which make then-

appearance in the normally transparent portion of

the spectrum. In all, there are perhaps some thirty

such absorptions or color centers known. The

short wavelength V bands (there are actually a

number of them) are thought to result from the

trapping of holes at various configurations of posi-

tive ion vacancies due to their effective negative

charge; similarly, the F band and other longer

wavelength bands, e.g., R, M, and N bands, are

thought to be the result of electron trapping at

various configurations of negative ion vacancies

which carry an effective positive charge. Needless

to sav, the fact that structure on an atomic level

can be observed by such a direct method as opti-

cal absorption in a readily accessible portion of

the electromagnetic spectrum, provides the solid-

state phvsicist with a very powerful experimental

tool. The reader is referred to the excellent re-

views of color center phenomena that have ap-

peared in the literature ;='-'• ""^ "' we will con-

sider only a few selected aspects of color center

phenomena in this discussion.

The F center is undoubtedly the most studied

of all of the color centers. Owing to the fact that

the presence of this center introduces character-

istic color into the crystal since the F-band ab-

sorption generally appears in the visible portion

of the spectrum, it was called by the early Ger-

man workers Farbzentrum (meaning color center)

and hence, F center. Since the many absorption

bands that were subsequently discovered were

also color centers, the designation F center has

been reserved for the specific center originally

studied and other letters of the alphabet have
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been assigned to the new centers. Unfortunately,

this assignment has not grown in a particularly

consistent fashion.

The model for the F center is shown m Jig. 8.

This model was postulated by de Boer=^' prompted

by the concept of the Schottky defect, de Boer

suggested the F center is due to an electron

trapped in the field of a negative ion vacancy.

This suggestion has been vindicated in a large

number of experimental and theoretical studies

that have followed. Recent paramagnetic reso-

nance measurements of the F center by Kip and

Kittel and their co-workers''^ have not only added

additional weight to this model but their results

have given insight into the specific configuration
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Fig. 8. Current models for various color centers.

The a center is an exciton perturbed by a neigh-

boring negative ion vacancy; the F center is an

electron trapped at a negative ion vacancy; the

^ center is an exciton perturbed by a neighboring

F center; the F' center is a pair of electrons

trapped at a negative ion vacancy ; the M center

is pair of electrons trapped at a pair of_ adjacent

negative ion vacancies; the H center is a hole

trapped by four negative ions in the space nor-

mally occupied by three negative ions along a

<110> crystal direction; and the Vk center is a

hole trapped by a pair of adjacent negative ions.
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of the trapped electron. These results indicate

that the electron is not actually confined to the

vacancy but rather it is largely shared by the six

neighboring positive ions surrounding the vacancy.

The F-center absorption occurs by the absorp-

tion of a photon generally in the neighborhood of

2 to 3 electron volts (roughly 4000 to 6000

A

units), depending on the particular crystal. This

absorption results in the excitation of the electron

from the ground state to the first excited state of

the F center. This process is pictured in step (5)

of Fig. 6. (Luty'* indicates that there are even

higher excited states of the F center which result

in the K- and L-band absorptions to the high

energy side of the F band). A series of F bands

are shown in Fig. 9 for a number of alkah hahde

crystals in data given by Pohl.^'' These bands have

the appearance of the resonance band of a

damped oscillator. Smakula^'' has in fact derived

a relation between the concentration of F centers

and the area under the absorption curve on the

basis of dispersion theory. Under the assumption

that the shape of the absorption is Lorentzian, the

area of the absorption curve can be related to the

product of the peak height and width at half-

maximum of the absorption; the Smakula equa-

tion is

nof = 1.29 X 10^^

(n2 + 2)2
:Wir.

where Uo is the concentration of F centers (num-

ber/cm^), / is the oscillator strength of the F-

center transition, n is the index of refraction at

the absorption peak, ax„ax is the absorption con-

stant at the absorption peak (cm"^), and Wj/2 is

the width of the absorption at half-maximum

(electron volts). This equation for most F bands

in alkah hahde crystals is approximated quite

well by the reduced equation,

n, = 1 X Wama.Wm.

F center concentrations in the range of 10^® to

lO'Vcm'^ are relatively easily attained. It will be

noted that this range corresponds to one F center

for every 1,000 to 1,000,000 ions in the solid.

It has been observed that the spectral location

and the half-width of the F band are dependent

on the temperature. Fig. 10 shows this dependence

over an extended temperature range. It will be

noted that the width of the band is narrowed with

decreasing temperature, in accord with what is

cr CD
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Fig. 9. The F bands in several alkali halides at room temperature after Pohl."
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Fig. 10. The F band in KBr as a function of
temperature after Pohl."''

expected for a thermally broadened band. Since

the concentration of F centers determines the

area under the absorption band, i.e. the product
of the half-width and the peak height, the nar-

rowing of the F band with decreasing temperature
must necessarily be accompanied by an increase in

the peak height for a crystal in which the con-

centration of F centers remains unchanged. This
simultaneous peak height growth and sharpening
of the F band with decreasing temperature is ap-
parent in Fig. 10.

It will be noted in Fig. 6 that the excitation of

an electron from the ground state to the first ex-

cited state of the F center results in the electron

being separated from the conduction band by
only a small energy step. A small amount of

thermal energy in fact may then energize the
electron to the conduction band. Accordingly^ the
process of irradiating a crystal with sufficient F-
band light results in a bleaching of the F band.
The electron removed from the F center is then
available to annihilate a trapped hole (perhaps
causing the disappearance of a V-type center), or
to be trapped again and partake in the formation
of new electron centers. At sufficiently low tem-
perature the latter process results in the forma-
tion of an F' center, which may be considered to
be either an electron trapped at an F center or
two electrons trapped at a negative ion vacancy.
The model of the F' center is pictured in Fig. 8.

In the vicinity of room temperature bleaching of
the F band results in the formation of other
centers designated by the letters R, M and N
which lie to the long wavelength side of the F
band. Recent studies of the reaction kinetics of

M-center formation^*^ suggest that the M band is

the aggregation of two F centers, i.e. two adjacent
negative ion vacancies that have trapped two elec-

trons as pictured in Fig. 8.

It is not only possible to produce color centers

at room temperature and above by the use of

ionizing radiation, but it is also possible to induce

a variety of absorption structure at low tempera-

ture. Much work has been done at liquid nitrogen

temperature (77°K) and at liquid helium tem-

perature (4°K). Although the F band is produced

by ionizing radiation over this extended tempera-

ture range, it turns out that many of the other

color center bands observed as a result of high-

temperature irradiation are not present during

low-temperature irradiation and the reverse is

also true. The F' center mentioned above is an

example of such a center as are certain of the

V-type or trapped hole centers. Two other trapped

hole centers which result only from low-tempera-

ture irradiation are the Vk and H centers. These

centers in a sense differ from centers resulting

from capture of electrons or holes by existing lat-

tice defects since they are produced in the un-

disturbed lattice and accordingly the trapping

levels are introduced as a result of the irradiation

process itself. The Vk center is produced by sul:»-

jecting alkali hahde crystals to X-ra,ys at liciuid

nitrogen temperature.^' This center is formed as

the result of the loss of an electron from a halogen

ion in the undisturl:)ed lattice; the halogen atom
which results i.-^ jmllcd toward an adjacent halogen

ion. creating tlic ('(|ui\al(ni1 of a lialogcn ion pair

with a tra])ped hole. This center is jiictiu'ed in

Fig. 8. The H contoi- appears at liquid helium
temperature to the short wavelength side of the

F band. This center was discovered by optical

techniques,"* its symmetry was established using

polarized light,"" and its model was determined by
electron spin resonance measurements.*" The de-

tailed model of the H center is pictured in Fig. 8;

the center involves fo\u- halide ions adjacent to

one another along a (110) direction in the lattice

with a trapped hole. The hole is shared mostly
by the two inner halide ions and to a lesser extent

by the two outer ions. This center is the equiva-
lent of an interstitial hahde atom, and accord-

ingl}^ the production of this center in the undis-

turbed lattice requires the effective production of

an interstitial atom by the ionizing radiation."

Two other color centers observed at low tem-
perature are the a and /3 centers which appear
just to the long wavelength side of the exciton

absorptions of Fig. 7b. These bands are thought
by their discoverers Delbecq, Pringsheim, and
Yuster*" to result from perturbed exciton absorp-
tions. The ^ center is attributed to the perturba-
tion by a neighboring F center while the a center
(which appears upon bleaching of the F and ^
bands) is attributed to the perturbation by a

neighboring negative ion vacancy. The models for

the a and jS centers in Fig. 8 are shown as a nega-

tive ion vacancy and an F center respectively

;

the exciton is assumed to reside on a neighboring

halide ion in each case.

It should be mentioned that the color centers

that were selected here for discussion, namely the

F, F'. M, Vk , H, a and )S, are the few centers

whose models are currently known with a reason-
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able degree of confidence. A much larger group of

color centers remain to be understood in compara-

able detail. It is a virtual certainty that en-

hanced knowledge of these centers will promote

the fundamental understanding of lattice defects

in ionic crystals.
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DEFORMATION OF METALS AT HIGH VELOCITY: APPLI-

CATION OF X-RAYS

Several simple X-ray techniques may be used to

obtain a large amount of data concerning the

reaction of metals to high rate loading. Phenomena

encountered in ballistic research are generally

measured on a microsecond time scale. However,

it has been found that examination of metals be-

fore and after the application of load can, in a

number of cases, provide data that explains the

reaction of the metal during deformation. X-rays

offer one of the most convenient, quantitative,

and rapid means of looking at many problems in

this field.

As general background information, gross metal

deformation at high rates of loading is affected by

crystal structure and preferred orientation. ^
-

Hydrodynamic equations of state may be used to

predict the metal reaction on passage of the first

compressive shock. However, deformation pro-

duced by following tensile reflections is very de-

pendent on the orientation of the crystal lattice.

This has been amply demonstrated for a number of

test conditions: one case being the expansion of

aluminum single crystal cylinders loaded inter-

nally by explosive. =*

In the following three sections, examples of the

use of X-rays to understand certain aspects of

high velocitv metal deformation will be described.

No attempt is made to give a detailed description

of the experiments.

Reaction of Copper to High Velocitv Shear

Deformation. To determine qualitative ditter-

ences in reaction between hardened and annealed

polvcrvstalline metals, copper specimens were

shear formed onto a rotating mandrel by a tool

moving parallel down the mandrel surface. Load-

ing rates of the order of 10^ psi/inin were used.

The resulting grain orientations and le-idual
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Fig. 1. Rotating geiger tube for determining preferred orientations

PHOTOGRAPHIC INTENSITY

GEIGER TUBE INTENSITY

Fig. 2. Typical chart record and back reflection

photograph.

stresses may be shown to depend primarily on the

tangential shear developed between the specimen
blank and the forming tool. Measurements of the

change in preferred orientation in the specimens
with varying imposed stresses are used to deter-

mine the stress-strain reactions of copper to shear

in the plastic region.

The changes in grain orientation are measured
using the laue back reflection technique. A Geiger

tube is rotated in the plane of the diffracted X-
rays, and the intensity variation in the diffracted

cone is recorded through a rate meter onto a

strip chart. The physical arrangement for back
reflection studies is shown in Fig. 1. In Fig. 2 a

tj^pical X-ra}^ film and chart record are seen.

The concentrations of intensities around the

circle are an indication of the preferred orienta-

tion in the specimen, and appear as peaks on the

chart. I8i and l8o , in Fig. 2, designate the inten-

sit}' maxima.
Grain orientations in the specimens were de-

termined by measuring the intensities of [220]

reflections, for various angles of incidence of the

X-ra}' beam. These measurements were repeated

in steps of 0.010 in. through the sample wall. The
metal was removed by chemical etching. By using

transmission techniques, and/or reversing the

specimen in the X-ra}^ beam, a complete distri-

bution of [220] poles ma}^ be determined, and
plotted on a stereographic net. Two examples of

the pole distribution, or pole figures, are seen in

Figures 3a and 3b, at two depths through the

specimen wall. The various distribution of poles

indicate the degree of preferred orientation, and

how it changes from one section of the specimen

to another. With "complete" preferred orienta-

tion, a single crystal plot would be obtained, M'ith

[220] poles located at the appropriate points on the

net.

A second type of plot is used to represent the
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intensity vectors of the pole distributions. Dif-

fraction intensity data from measurements made

in the horizontal plane are plotted in polar

coordinates as vectors on either side of the zero

angle line. Rotation of the sample to the right or

left of normal gives intensity vectors for building

up the plot shown in Fig. 4, which is a combina-

tion of measurements from the inside and outside

surfaces. Rotations above and below the normal

show little change in the orientation maxima.

The significance of the minima may be seen by

reference to the cube face drawn in the center of

Fig. 4. The diagonals are the (HO) planes produc-

ing the reflections, and the minima occur at the

[100] pole directions, where 6 is the angle this pole

makes with the normal. For any angle of inci-

dence, the diffraction peaks labeled /5i and I82 in

Fig. 4 occur at 53.7° to the incident beam, sym-

metrically concentrated on either side of the

beam in the diffracted circle. The preferred orien-

tation is very sharp, and for the distribution

shown in Fig. 4, 75i = Idi for 5° and 50° sample

rotation; i.e., when, the X-ray beam is in the

direction of an intensity maximum or minimum.

For angles between 5° and 50° rotation, the quan-

tity (Ih — 752) will increase to some maximum
value and then decrease to zero at 50°. Further

rotation of the incident beam past 50° will result

in a change in sign of (/5i — 752).

This intensity distribution may be considered a

measure of the number of grains, within the X-ray

beam, that have been rotated by the applied

stress. If the direction of the stress was such as to

cause a counter-clockwise rotation of the grains

(when viewed from the top of the specimen),

the intensity distribution would rotate in a simi-

lar direction. Normal incidence X-ray patterns

taken at different stages of the grain rotation

would therefore indicate a change in relative in-

tensities similar to that already described.

Deformation due to the tangential shear causes

an over-all rotation of any preferred orientation

that exists in the metal at the time of application

of the stress. However, at a given stress level indi-

vidual grains within the deforming metal will be

rotated by different amounts, dependent on the

resolved shear stress for the slip planes in the

grain. For grains at the extreme angles of orienta-

tion, rotation will follow the hypothetical curve

A in Fig. 5. Rotations of grains with [100] poles

near the normal will follow curve B.

For a single grain, 6, the angle between the

mean distribution of [110] poles and the normal

can attain a maximum value of 45° before 75i =

75, , as determined from Fig. 4. For a distribu-

tion of grains about some mean orientation Pd,

the maximum value of d is determined by the angu-

lar spread cf) of the distribution and is given by

the relationships.

dm = 45° - (0/2)

Therefore, a difference in grain rotation through-

out the distribution as shown by the curves in

Fig. 5 will cause the maximum value of d to in-

LEGEND : [IIO|

POLE CONCENTRATIONS
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fTZ^ MEDIUM

I I LIGHT

Fig. 3a. Pole figure for typical shear formed
sample at .010 in.

LEGEND : (llOj

POLE CONCENTRATIONS

B33gl HEAVY

!Z^ MEDIUM

I I LIGHT

Fig. 3b. Pole figure

sample at 0.85 in.

for typical shear formed

crease as the distribution narrows. Using the

method of anah'sis described, a rotation of grains

by an applied stress will be detected as an increase

of the value (7^1 - 750) to some maximum value,

and then a decrease until I5, = Is, ,
depending on

the stress level at that point. The value will then

change sign and increase again.
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NORMAL
TO SURFACE

Fig. 4. Intensity plot of the diffraction peaks-polar coordinates

9 (DEGREES)

Fig. 5. Possible stress-thela \anations

It has been determined that the preferred orien-

tation resulting from shear forming the specimens
may be considered as a tangential rotation pro-

duced by the tangential shear only. A typical

plot of 6 vs. X, the distance from the inside sur-

face, is shown in Fig. 6.

As indicated above, dm is a direct measure of the

amount of rotation imposed on the grains in the

tangential direction. Therefore, it is a direct

measure of the strain variation during deforma-
tion due to tangential shear. The tangential force

on the specimen during forming is directly pro-

portional to the feed rate, F , of the tool down the

mandrel.^ If all other parameters are kept con-

stant then the tangential shear stress, jt , is also

proportional to F . A plot of F vs. dm indicates the

shape of the plastic stress-strain curve under high
velocity deformation.

dm vs. F curves are plotted in Fig. 7 for speci-

mens formed from copper in two initial conditions,

fully annealed {Rj 25) and fully hard [Rf 90).

For the annealed copper, the curve is the parabola
F = kid'^i'^. For the hard copper the relationship

is linear, F = k^d. It has been shown that F is

proportional to shear stress yt , and d is pro-

portional to e; therefore it can be shown that the

stress-strain curves for the two materials would

be-,, = A'oe' - for annealed blanks and 7/ = K-ie

for hard blanks.

It is concluded that under high loading rates,

annealed copper reacts according to a parabolic

law, as proposed by Bell,"'^ while strain-hardened

material follows a linear relation. If the above X-
ray tcchniciue is coupled with recrystallization

-5
e (DEGREES)

Fig. 6. d vs. x foi' samples formed from a an-

nealed blank.
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Fig. 7. Q vs. F for samples from hard and soft blanks

studies, a single specimen may be analyzed to

show differences arising in the specimen due to

changes in preferred orientation through the

wall.^

Orientation Changes Due to Small Changes
in Load. Incremental tensile loads are imposed

on a specimen at different rates, and orientation

changes determined as a function of the stress

level and the rate of application of the stress. An
example of the results obtained at low rates of

loading is given here. X-ray techniques similar to

those described in the previous section are used

to make measurements. A variable-rate-loading

tensile machine was constructed and placed on the

X-ray table in such a manner that the tensile spe-

cimen remained in position for measurement until

a series of tests were completed. The relationship

between results obtained using normal incidence

X-rays and the complete pole figures have been

established. Only the normal incidence patterns

will be reported here.

Fine-grained polycrystalline copper tensile sam-

ples of 3^ in. cross section were taken from an-

nealed OFHC rolled sheet. These were stressed

and measured for grain orientation changes at

each level of stress. After each complete cycle of

the Geiger tube around the diffraction circle, the

stress was increased by some increment, and the

measurements repeated. Each specimen was as-

signed an orientation index based upon the diffrac-

tion pattern at zero stress level. This is defined as

the maximum intensity difference between peaks
90° apart. Fig. 8 shows the relation between dif-

fraction peaks and the specimen.

The normal incidence [220] diffraction pattern

of a randomly oriented sample will indicate dif-

ferent orientations of diagonal planes from various

grains in the X-ray beam. When grain rotations

begin to take place, the intensity distribution in

the diffraction pattern will change. Quantitative

measurements of these changes may be made by
determining the changes in the areas under the

major diffraction peaks (seen in Fig. 8), from the

strip chart record.

As the tensile stress is increased the total in-

tensity of the diffraction pattern will remain ap-

proximately constant for fine-grained materials,

and intensity changes in different directions will

be indicated by either an increase or decrease in

intensity in a given direction. Because of the sym-

metry of the face-centered cube and for reasons

considered in the first example, the largest changes

should take place in directions 180° apart on the

diffraction circle.

Fig. 9, a through e, shows the data obtained from

one test series. The differences in intensity in each

direction, as measured by the area changes under

the diffraction curves are summed algebraically

and plotted vs. stress (increases in intensit}^ in a

given direction are positive, decreases are nega-

tive). These curves show^ the changes in direction

of grain rotations with increasing stress. Speci-

mens having different initial orientation indexes

arising from different annealing textures react dif-

ferently. However, in each case, the annealed spe-

cimens show a cyclic change in orientation inten-

sity at values below the yield point, indicating

plastic flow in microscopic areas of the specimen

at a stress-strain level considered elastic on a

macroscopic scale. In the strain-hardened speci-

men, the cyclic variation is no longer present

below the yield point and the material reacts

linearly up to that point.

Fig. 10 shows the absolute values of the orienta-

tion changes summed over all four directions and

plotted against stress. These curves indicate the

total amount of rotation Occurring with increasing

stress and represent stress-strain relations. Curves

1, 2, 3, and 4 are from the annealed samples seen

in Fig. 9a, b, c, and d. Curve 5 is analogous to Fig.

9e.

It is interesting to note the similarities between

the curves in Fig. 10 and the 6 vs. F curves for the

shear formed specimens in Fig. 7. Curve 1 in Fig.
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AREAS MEASURED SUBTEND AN
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Fig. 8. The relation between measured areas of

the diffraction circle and the stress axis.
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Fig. 9a. Stress vs. changes in the area under the

diffraction peaks summed algebraically over all

four directions for a tensile sample having an
orientation index of 3.

10 is from the most randomh' oriented sample

which most closely approximates the dead soft

condition. The curve for the annealed sample is

again a quadratic form, and the strain-hardened

sample shows a linear relationship.

It is significant that the total change in orienta-

tion intensit}' shows a smooth change with stress,

as seen in Fig. 10, but that the distribution of the

intensity changes with respect to the stress axis

shows a cyclic variation with stress, as seen in

Fig. 9, a through e.

Flash X-ray Techniques in High-^ elocity

Deformation. The third example of X-ray tech-

niques useful in high-velocity metal deformation

deals with high intensity-short duration X-ray
pulses. Various types of flash X-ray units are used,

ranging from a 40 kv unit having an X-ray pulse

duration time of 0.1 microsec; to a 600 kv unit

where the X-ray pulse lasts for 0.2 microsec. The
theory of operation of these units is adequately

covered in the literature. (See ''Cineradiography

with Multiple Field-Emission Tubes," They
may be used to study various types of phe-

nomena. Described here are the results obtained

with a 300 kv-0.05 /zsec unit, used to study hyper-

velocity impact phenomena occurring when a sym-

metrical metal pellet, weighing approximately one

gram, impacts a semi-infinite metal specimen, at

speeds above 5000 meters per second." Craters are

formed in the metal target, the crater volume

being proportional to the energy of the impacting

pellet.

If the X-ray pulses are used to study surface

phenomena, data may be obtained showing the

opening up of the crater and the ejection of metal

from the specimen. Fig. 11 shows a series of surface

radiographs at different times during impact. In

Fig. 11a, the pellet is approaching the target spe-

cimen at 5 km/sec. In the following pictures, the

crater is forming as material is ejected from the

specimen.

Using transmission flash radiograph}', the crater

may be studied during formation in the specimen,

as seen in Fig. 12. for an aluminum target. With

c
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over all four directions for a strain hardened tensile sample having an orientation index ot

41.
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Fig. 11. Flash radiographs of a crater at different times during impact
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proper precautions and calibration, density differ-

ences may be used to measure the change in shock

propagation in the specimen, as well as to deline-

ate the crater. Fig. 13 shows a plot of crater di-

ameter vs. time, obtained using transmission ra-

diography. Various stages in the process may be

defined, including an elastic recovery in the speci-

FiG. 12. Flash radiograph of a crater during de-

formation.

men after the stress pulse has left the region of the

crater.

Conclusions. Numerous other examples could

be cited of work being done by the authors using

X-rays to obtain information on high-velocity

deformation of metals. These range from analysis

of changes in short-range order of explosively

loaded specimens, to the use of image intensifiers

to take radiographic motion pictures of crack

propagation in metals. Although the techniques

employed may be kept reasonably simple, the

results obtained can give a great deal of insight

into the problems involved.
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DEFORMATIONS OF STRUCTURE IN ANTIFERROMAGNETIC

MONOXIDES OF NICKEL, IRON, COBALT, AND

MANGANESE

It was discovered in 1943^ that X-ray powder
photographs of crystalline nickel oxide did not

conform precisely with that to be expected from a

simple face-centered cubic structure of the sodium

chloride type. The high-order lines of patterns

taken with Cu, Ni, and Co radiations, instead of

being simple doublets as required by cubic sym-
metry, were split into two or three components
except for line 400. The effect is illustrated in

Fig. 1, in which the relevant part of a powder
pattern of nickel oxide is compared with the cor-

responding part of a pattern of magnesium oxide,

which shows no anomaly.
Detailed analysis of the line-splitting phenom-

ena showed that they could be explained in terms

of a small rhombohedral distortion of the struc-

ture. The true structure cell is deformed from
face-centered cubic by a small relative extension

along one of the threefold axes: this gives rise to

a rhombohedral unit cell whose a angle is 60° 4.2',

instead of the 60° corresponding with an unde-

formed cubic cell.

The deformation is so small that the line-spht-

ting effects resulting from it escape notice unless

the technique of powder photograph}^ is suffi-

ciently refined to provide good resolution of high-

order reflections. Moreover, the nickel oxide must
have been fired at high temperature to crystallize

it well: prepared at low temperatures with a

small crystal size the line-splitting phenomena do
not manifest themselves, and in fact the structure

distortion may be suppressed."

Because the structure distortion is so small, the

possibility that it is temperature sensitive was sub-

sequenth' investigated with a high-temperature

powder camera.^ This study showed that the

rhombohedral distortion disappeared at about

200°C and at higher temperatures true cubic sym-
metry was maintained. By contrast, on coohng be-

low room temperature the magnitude of the struc-

ture distortion was increased and at —180°C the

value of the rhombohedral angle was 60° 12'.

The origin of the lowering of the symmetry of

the structure below about 200°C remained obscure

at this stage. The monoxides of cobalt, iron, and
manganese were, however, investigated, and it was
shown that, although there was no detectable dis-

tortion of their face-centered cubic structures at

room temperature, all three oxides had deformed
structures at — 180°C.* The lines on powder pat-

terns taken of specimens held at —180° bj^ stream-

ing liquid oxygen over them were split in various

ways.

For manganous oxide and ferrous oxide the line-

splitting effects could be explained by rhombo-
hedral distortions of a face-centered cubic arrange-

ment. Nevertheless for ferrous oxide the direction

of the distortion was of opposite sign to that for

nickel oxide : there was a relative extension of one

of the threefold axes, making the rhombohedral
angle smaller instead of greater than 60°.

Cobalt oxide was unique in that the low-tem-

perature structure became tetragonal: the defor-

mation from cubic took place by relative contrac-

tion of one of the three fourfold axes, making
c/a < 1. Accurate measurements over a range of

temperatures by Greenwald^ showed that the

transition from cubic to tetragonal started at ap-

proximately 10°C. The transition temperatures for

manganous oxide and ferrous oxide were consider-

ably lower. Crystal-structure data for the four

oxides mentioned are given in Table 1.

Evidence now began to emerge about the mag-
netic structures of these monoxides of the iron

group elements, and it became apparent that the

structure deformations were connected with the

paramagnetic to antiferromagnetic transitions.® All

four monoxides assume an antiferromagnetic state

below certain critical temperatures: when by

r
.4r\r\ 420

I

422

k

Fig. 1. Parts of X-ray patterns (NiKa radiation) comparing (a) magnesium oxide and
(b) nickel oxide, showing complexity of nickel oxide reflections.
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Table 1.

Unit-Cell Dimensions

Oxide
Antiferromagnetic
Neel Temperature

-180°C 18°C 275°C

NiO 250°C Rhombohedral Rhombohedral Cubic

aR = 2. 946A aR = 2.9518A a = 4. 1946A
a = 60° 12' a = 60° 4.2'

MnO -150°C Rhombohedral Cubic

aR = 3.123A a = 4. 446

A

—
a = 60° 24'

FeO -75°C Rhombohedral Cubic

(48.5 atomic % Fe) aR = 3. 0550A
cc = 59° 23.0'

a = 4.3050A

CoO 18°C Tetragonal Cubic

ax = 4.2638A a = 4. 2581

A

—
CT = 4.2143A

thermal contraction the metal atoms approach

within a critical distance of one another, exchange

interactions result in an ordered arrangement of

the magnetic dipoles. The disorder to order transi-

tion occurs at a different temperature for each

oxide and this is known as the antiferromagnetic

Neel temperature (see Table 1). Schull, Strauser,

and Wollan/ using neutron diffraction technique,

studied the magnetic dipole arrangement. They
found that in antiferromagnetic manganous oxide

the manganese atoms are co-operatively ahgned in

sheets normal to a [HI] direction in the structure.

While the dipole orientation is similar in alternate

sheets, the adjacent ferromagnetic sheets are anti-

parallel.

The deformation of the structure cell from high

to lower symmetry appears to take place at the

critical Neel temperature. Since the [111] direc-

tion is so directly involved in the change of mag-
netic structure, it is reasonable to expect that,

when magnetic ordering occurs, the accompanying

distortion of the structure cell will involve a

trigonal or [HI] direction. This does happen for

nickel oxide, ferrous oxide, and manganous oxide.

Cobalt monoxide, however, shows different be-

haviour. The tetragonal deformation of the struc-

ture cell of cobalt monoxide must be a conse-

quence of some modification in the direction of

the magnetic exchange forces. A recent investiga-

tion by Roth^ using neutron diffraction down to

liquid helium temperature has confirmed this con-

clusion. His results indicate that the direction of

magnetization is within the [111] sheets for NiO
and MnO, perpendicular to the sheets for FeO, but

in an oblique direction [117] for CoO.
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DEJONG AND BOUMAN METHOD. See Diffraction of

X-Raysl Basic Apparatus and Techniques.

DENSITIES IN FLUIDIZED AND STATIC BED SYSTEMS:

MEASUREMENT BY RADIATION ATTENUATION METH-

ODS

X-ray or gamma-ray absorption is a convenient

quantitative tool for the study of local phenomena
within fiuidized as well as static beds. For ex-

ample, local bed densities, as well as fluctuations

thereof, at any level of a fiuidized (or static) bed
of solids are readily determined by means of X-
or gamma-ray absorption. For laboratory scale

applications, X-ray absorption will usuall}^ pro-

vide more accurate data, while for larger-scale

applications, higher energy gamma ray absorption

is likely to be preferable. In the discussions that

follow, major reference is made to the application

of X-raj^ absorption. However, the general princi-

ples of X- and gamma-ray absorption are identical,

and in many instances either may be used inter-

changeably, due consideration being given to the

accuracy level required.

In the use of X-ray absorption there are no in-

ternal probes to interfere ph3'sically with the nor-

mal action within a fiuidized bed, or to be affected

by detrimental internal conditions such as high

temperature and corrosion. B}- means of special

features which can be designed into the X-ray
equipment, semiquantitative interpretation of the

data obtained can be made almost instantly

(which is especially useful in exploratory experi-

mentation), and thorough interpretation of data

can be effected much more rapidly than is other-

wise possible.
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X - RAY

SOURCE

PRIMARY
X-RAY
DETECTION
ELEMENT
(PHOSPHOR)

Fig. 1. Schematic diagram for X-ray absorption

Principles of X-ray Absorption Applied to

Fluidized (or Static) Beds. A simplified sche

matic representation of X-ray absorption to a

fluidized or static bed is given by Fig. 1. Zone A
represents the walls of the column, and Zone B
the ffuidized (or static) bed. Absorption of the

primary radiation by air or by the fluidizing gas is

negligible, and consideration of other constant

absorbing mediums, such as the protective en-

closure of the scintillation crystal, can be in-

cluded with that of the column walls in Zone A.

For precise work the X-ray beam reaching the

phosphor must not be too divergent; otherwise

different portions of the beam will have penetrated

different thicknesses of the material.* The area

of the phosphor should be sufficient to intercept

all direct unabsorbed primary radiation, but not

so large as to intercept much scattered and back-

ground radiation.

First assuming that the absorption of parallel,

monoenergetic radiation is involved, application

of Lambert's law to Zones A and B results in the

following relationships

:

In /i - In /

In / — In /o = fXni^pBlB

In /i - In 7.2 = (Jim-'^PAlA + IJim^PBlB (D

= "cell constant" -H txm^PBlB

where/, /i , and I-i denote the respective radiation

intensities, m™^ and/xm^, the mass absorption coeffi-

cients, PA and PB , the effective densities, and

Ia and Ib , the corresponding thicknesses involved.

If two different absorbers, B and C (e.g., a

fluidized or static bed and a standard thickness of

pure aluminum, respectively) produce identical

attenuation of a given incident beam (i.e., h as

well as /i are the same for both cases), the densi-

* For purpose of simphfication of the present

discussion, it is assumed that on a time-average

basis, the small localized volume of a fluidized

bed (or static bed) under examination at a given

time is effectively homogeneous: i.e., it is uni-

formly fluidized (or uniformly packed). This in

no way precludes the possibihty of gross in-

stantaneous variations in bed densities withm a

column, as discussed later.

ties and thicknesses of the two absorbers are re-

lated by means of Eq. (2) as follows:

jIb = iduSpdc

.u„,« Ib

K =

Kh

K =

,^ /j

(2)

(2a)

(2b)

(2c)

Eq. (2a) is the basic equation employed in this

study for the determination of local bed densities.

For this purpose, Ic becomes the thickness of cali-

bration standard (e.g., aluminum) which will

produce identical attenuation of the incident beam

as produced by a localized volume of bed of bulk

density, pb The quantity h becomes the inside

diameter of the column.

When, as is frequently the case, polyenergetic

radiation is employed, and comparisons between

the absorption of X-rays by the "unknown" and

standard materials, respectively, cannot be riiade

under geometrically identical conditions, it is

preferable to determine K empirically, by the use

of Eq. (2c), on standard densities of the actual

materials contained in the actual vessel to be em-

ployed in the investigation proper. In this case

standard densities must be known or measurable

by means other than X-ray absorption. The ap-

plication of Eq. (2a), including the determination

of K values, is discussed later.

When absorption comparisons can be made un-

der geometrically identical conditions, it is fre-

quently possible to avoid empirical calibrations

through the use of published values of mass ab-

sorption coefficients of the elements involved.

Illustrative Application. Laboratory scale

application of X-ray absorption to the determina-

tion of instantaneous as well as time-averaged

local densities within fluidized and fixed beds of

silicon powder, using several types of gas distribu-

tors, is illustrated in the following sections (see

Ref. 1 for additional details).

An over-all view of the experimental setup is
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Fig. 2. Over-all view of fluidization apparatus including X-ray photometer

given in Fig. 2. The fluidization apparatus proper
is relatively conventional, although designed for

maximum versatility. The column proper is "Py-
rex glass," 3.33 in. I.D. A close-up view of the

fluidization column showing the movable X-ray
source and detection probe is given in Fig. 3.

Components of the X-ray photometer employed
were specifically designed or selected for the study
of fluidization. By means of this photometer,
therefore, the action within a fluidized bed can be
interpreted in a semiquantitative manner, at least,

almost instantly. This is an important advantage
in exploratory experimentation. Also, because of

the special design features incorporated into the

photometer, thorough interpretation of experi-

mental data can be effected much more rapidly

than would be otherwise possible.

The X-ray source consists of standard compo-
nents of the General Electric XRD-3D X-ray dif-

fraction unit with a Machlett AEG-50T tungsten
target X-ray tube. The detection equipment con-

sists of a modification of the rate meter in a stand-

ard General Electric SPG X-ray detector, fed by
a General Electric scintillation probe. The rate-

meter response is logarithmic over most of its

range of sensitivity; hence, the recorder reading

varies approximately linearly with the local bed
density being measured. For the purpose of de-

termining instantaneous as well as time-averaged
local bed densities, rate-meter time constants

ranging from 0.01 to 30 sec may be employed (cf.

Fig. 4). X-ray intensities are recorded on a fast-

response photoelectric recorder. Details and fur-

ther discussion of this equipment are given in the

Appendix to Ref. 1.

The X-ray tube and radiation probe are mounted
on a crank-operated, counterweight ed carriage,

which can be moved up and down the fluidization

column. In this way vertical densit}" traverses of

the bed can be made very quickly. The X-ray
tube and radiation probe can also be rotated about
a vertical axis, by means of which horizontal tra-

verses can be made.
Local bed densities were determined by applica-

tion of Eq. (2a) in the following manner:
1. With an incident X-ra}'- beam of the quality*

and intensity* employed in the fluidization experi-

ments, the empty column is "calibrated" against

a range of standard thicknesses of pure alumi-

num, f which produces the same range of trans-

mitted intensities as produced b}- silicon beds in

the fluidized as well as unfluidized states. Fig. 5

shows a plot of t.vpical results so obtained. Over

* Functions only of the target voltage and emis-

sion current for a given X-ray tube.
t In the present study aluminum %vas particularly

suitable as a calibration standard, since aluminum
and silicon differ by only one in atomic number
and hence have closel}^ similar X-ray-absorption

characteristics.
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the thickness range of major interest the plot is

essentially a straight line, in accordance with

Lambert's law. Slight curvatures in Fig. 5 are

due to (a) the use of polyenergetic instead of

monoenergetic x-rays, (b) deviations from loga-

rithmic amplification at counting rates below

'
! 1,

Fig. 3. Close-up of fluidization column .^howm^

X-rav source and detection probe.

around 50 counts/sec (cf. Fig. 6), and (c
)
ap-

preciable coincidence counting errors at counting

rates exceeding about 1000 counts/sec. (e.g., at a

rate of 2400 counts/sec intercepted by the phos-

phor, the estimated coincidence counting error

is approximately 10 per cent.)

2. Detector readings obtained during density-

profile determinations were translated into local

bed densities by means of Eq. (2a) as follows:

When Eq. (2a) is applied, Is becomes the inside

diameter of the fluidization column and Zc the

thickness of calibration standard which will pro-

duce identical attenuation of the X-ray beam as

produced by a volume of solids of bulk density,

PB . The ratio of the mass absorption coefficients

fxrn^/t^m^ cau bc cxpcctcd to be approximately con-

stant over the range of wavelengths involved,

since aluminum and silicon are adjacent in atomic

number, and the critical absorption wavelengths

for these elements are sufficiently removed from

the range of "effective wavelengths" of the poly-

energetic X-rav beams employed. Hence, it is to

))e expected that variations of K under the condi-

tions of the present study would be small, and the

local bed densities, therefore, would be approxi-

mately proportional lo the equivalent thickness ot

aluminum, Ic . ,

Values of K as a function of pb were determined

in the identical column employed in the fluidiza-

tion investigation. The column, equipped with the

l)orous-plate distributor, was charged with 4.00

lb of silicon powder. (See Ref. 1 for particle-size

analysis.) After a brief initial period of fluidiza-

tion to homogenize the bed, the gas velocity was
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Fig 4 Sample of X-rav absorption measurements of fluid-bed performance

Gas Distributor .... Type 8 Target Voltage
. .

27,000

Superficial Air Velocity. . . .0.15 ft/sec. Emission Current.
. . 3.0 ma.

Distance above Distributor. . . .Approx. 18 in. Phototube Voltage.
. .

.1000
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LOCAL
BED 8
DENSITY

"^

(gm./cu cm.)

0,5 L
30 40 50 60

RECORDER READING
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INCHES OF

.0 ALUMINUM
PLUS EMPTY
COLUMN

Jo

Fig. 5. Typical calibration of X-ray photometer; target voltage, 27,000; emission current,

3 ma; phototube voltage, 850.

3 45678 100 2 3 45678 lOOO 2 3

COUNTS / SECOND ON PANEL METER

Fig. 6. Relationship between recorder reading and counting rate

4 5 6 7 8 10,000

reduced to produce bed conditions at which total

bed heights could be accurately measured and,

hence, average bed densities accuratel}' calcu-

lated. Average bed densities were so determined

from the charge weight, column cross-sectional

area, and total bed height for bed conditions rang-

ing from those for a densely packed bed, through

increasing states of expansion, to conditions ap-

proximating those for incipient fluidization. When
a porous-plate distributor was employed, bed ex-

pansion under conditions of incipient fluidization

was actually greater than for conditions for active

fluidization, within the range of practical gas ve-

locities. Hence, this technique permitted the de-

termination of A' values corresponding to the en-

tire range of actual densities encountered in the
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Fig. 7. Average bed-density profiles. 3.33 in. I.D. column; 4.01-b charge of silicon (see

Fig. 5 for particle-size anah^'sis) ; target voltage: settled-bed data. 31,000, all other data,

27,000; emission current, 3.0 ma; phototube voltage, 850: time constant. 10 sec.

tudy, ranging from the densities of static or stag-

nant zones to the densities of vigorously fluidized

zones.

At each condition of bed expansion, transmitted

X-ray intensities were measured over the entire

bed height. The value of Ic employed in Eq. (2c j

was selected to correspond to the average recorder

reading, obtained by integration of a plot of the

recorder readings as a function of the bed level.

Since over the range of conditions involved, bed

density varies essentially linearly with recorder

reading, this procedure permitted rigorous evalu-

ation of A' values. The eight K values so deter-

mined (0.622 to 0.635) varied over a range of only

2 per cent. It is of interest to observe this almost

exact agreement with the range of K values (0.620

to 0.635) calculated from literature values of the

mass absorption coefficients for pure aluminum
and silicon for the energy range of 10 to 30 kv.

However, this remarkable agreement must be con-

sidered at best a coincidence, since significant

differences would be expected owing to the small

concentrations of elements of higher atomic num-
ber present in commercial silicon, such as iron,

which have much higher mass absorption coeffi-

cients than pure silicon.

The density curve in Fig. 5 follows directly from
Eq. (2a) upon substitution of the experimentally
determined K values.

Probable Error of Density Measurement.
In the determination of average local bed densi-

ties (Fig. 7) recorder readings taken with a rate-

meter time constant of 10 sec and a chart speed of

36 in./hr were averaged over a period of 1 or 2

min. Maximum and minimum instantaneous local

bed densities (Fig. 8) were determined by averag-

ing the minimum and maximum recorder readings,

respectively, over a period of 5 sec, corresponding

on the average to about 25 to 30 cycles of fluctua-

tion of the recorder readings, (cf. Fig. 4.) For
these measurements a time constant of 0.01 sec

and a chart speed of 36 in. /min were employed.
Sample chart records, obtained under typical

conditions of vigorous fluidization, are shown in

Fig. 4 for the entire range of time constants in-

corporated into the design of the rate meter. The
"fast" and "slow" chart speeds correspond, re-

spectively, to 36 in. /min and 36 in./hr.

In X- or gamma-ray absorption some fluctua-

tions in the measurement of transmitted intensi-

ties—and hence apparent fluctuations in bed den-

sities—are inherent, even in the measurement of

static systems, owing to the random nature of X-
or gamma radiation.* These random fluctuations,

which must be taken into account in the rigorous

analysis of radiation measurements made under
conditions of fluidization, in order to distinguish

between actual and apparent density fluctuations,

depend upon the total number of photons, or

"counts," recorded by the detector. This number
is equal to the product of three factors: trans-

mitted intensity, duration of the intensity meas-

urement, and detection efficiency. In the present

study the transmitted intensity is determined by
the incident intensity and energy level and the

bed density being measured. Duration of intensity

measurement is determined by the rate-meter

time constant. The detection efficiency is essen-

tially 100 per cent. By proper combination of these

factors, random fluctuations in transmitted in-

tensities—and, hence, in bed densities—can be

made negligible.

For the X-ray conditions generally employed in

this study, random fluctuations in bed density, as

a function of actual bed density being measured

and rate-meter time constant, are given in Fig. 9

by the vertical distances between pairs of curves

labeled with the same time constant. For example,

if at a given moment the true density of a zone of

the bed were 0.75 g/cc, the probable instantaneous

density measurement, employing a time constant

of 0.01 sec, would range from approximately 0.72

* Under the conditions employed in this study

the random nature of X-rays arises chiefly from
the randomness of the electron emission from the

X-ray tube filament as well as from the random
nature of the atomic excitation process which re-

sults in the emission of the X-rays.
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Fig. 8. Instantaneous bed-density profiles (same data as in Fig. 8 except for time constant,

which is 0.01 sec. for instantaneous densities and 10 sec. for average densities).

g/cc minimum to 0.79 g/cc maximum. Fig. 9 was Fig. 9 were obtained by averaging the maximum
constructed from X-ray measurements taken with and minimum recorder readings over a suitable

various time constants on thicknesses of alumi- time interval (e.g., 1 or 2 min for the 10-sec time

num equivalent to the bed densities given by the constant and about 5 sec for the 0.01 -.<ec time

data points. The ranges of fluctuation given in constant).
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Fig. 9. Apparent fluctuations in bed density due to random fluctuations in the measure-

ment of transmitted radiation intensities.

Under conditions of the present study random

fluctuations in the measurement of average local

bed densities, determined with the 10-sec time

constant, were negligible. On the other hand, in-

stantaneous local bed densities, which were de-

termined with the 0.01 -sec time constant, were

subject to the following probable errors of meas-

urement due to random fluctuations (approxi-

mated from Fig. 9):

True instantaneous
Approximate

of nueasu

probable error

rement, %
g/t-i.-

Positive Negative

0.70 3 3

0.75* 5 4

0.8 8 6

0.9t
1.0

20

30 10

* Approximate density corresponding to "incipient fluidiza-

t Approximate settled bed density witli porous-plate distrib-

utor.

Under most conditions of active fluidization en-

countered in this study, therefore, the probable

errors of measurement of instantaneous bed den-

sities were not excessive.

Increased precision of measurement of higher

bed densities for a given time constant is readily

attained by the use of an increased target voltage,

hence, an increased transmitted intensity. Also,

substantial further improvements in radiation

measurement techniques have become available

since the study under discussion was carried out

(see, for example, Ref. 2).

The specific use of gamma-ray sources for the

determination of densities within larger diameter

fluidization columns is discussed in Ref. 3, 4, and 5.

Ref. 3 describes a statistical study wherein the

effects of a number of variables of operation of

fluidization columns were estimated by means of a

minimum of experiments. Reference 5 describes

the application of gamma-ray absorption to the

determination of density patterns in transverse

sections of fluidized systems contained in vessels

ranging from 6 in. to 40 ft in diameter.
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DENSITIES, LIQUID. See Liquid Densities Measurement.

DENSITOMETRY. See Bone Mineral Content.

DENSITY OF CRYSTALS. See Perfection of Crystalline

Structures.

DENTAL ROENTGENOGRAPHIC INTERPRETATION

Roentgenographic interpretation is dependent

upon three factors

:

Fig. 1. Arrow indicates Pathological Area

1. The production of a radiograph of good qual-

ity.

2. A comprehensive knowledge of the radio-

graphic appearance of normal anatomical struc-

tures.

3. The abihty of the interpreter to compare the

radiograph under inspection with the appearance

of the normal structures he has in his mind.

The production of a radiograph of good quality

depends upon proper technic both in taking the

radiograph and in the developing process of the

film. The area to be interpreted should be shown

completely and should be taken at the proper

angles. Films must show the peripheral borders of

any doubtful areas with normal bone beyond.

A comprehensive knowledge of the radiographic

appearance of normal anatomical structures is nec-

essary in order to properly identify structures and

prevent the mistaking of normal anatomical land-

marks for pathological manifestations. Normal
anatomical landmarks are placed in two classes:

1. Radiolucent—which show up on the dental

film as dark areas.

2. Radiopaque—which show up on the dental

film as light areas.

The abihty of the interpreter to compare the

radiograph under inspection with the appearances

of the normal structures he has in his mind is a

most important factor in roentgenographic inter-

pretation. The interpreter must be aware that

normal anatomical structures vary in size, shape,

and position in different individuals and that nor-

mal landmarks are not found on all dental films.

The usual dental roentgenologic examination or

survey consists of a series of films with periapical

exposures complemented with one or two sets of

bitewing exposures.

The bitewing film was suggested by Raper in

about 1925. This film has been of great value in

the practice of dentistry, in detecting carious areas

on the proximal surfaces of the teeth. It is used

extensively in the practice of preventive dentistry

and in dental recall systems. Three of the main

purposes of the bitewing film are

:

1. The detection of incipient carious areas on

proximal surfaces of teeth.

Fig. 2. Bitewing radiographs, left and right : demonstrate normal interproxmial areas with-

out evidence of dental caries at the contact points.
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Fig. 3. Bitewmg radiographs, left and right. Arrows designate areas of dental canes on the

proximal surfaces of the molar teeth at the contact points.

2. The detection of the extent or penetration of

dental caries toward the pulp.

3. The examination of the alveolar crest of the

bone for early periodontal changes.

Figure 1 demonstrates a radiogra])li of an upper

right central and lateral incisor. The radiolucent

area at the root end of the lateral incisor demon-

strates a pathological area.

Figure 2 demonstrates bitewing radiographs, loft

and right, which demonstrate normal inter])r()xiiiial

areas without any evidence of dental caries.

Figure 3 shows bitewing radiographs, left and

right, which demonstrate areas of dental caries on

the proximal surfaces of the molar teeth at the

contact points.
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higlier voltage (quality) delivered to the patient.

Further refinements in the reduction of radiation

hazards are found in the addition of added filtra-

tion. 1 to 2 mm. of aluminum to further reduce

tlio unde,^iral)le radiations found in the X-ray

heam. The use of a lead washer to further col-

limatc or contain the primary beam so that the

X-iay is contained to the smallest area possible,

I'lnthci- reduces radiation to the patient.

Recent improvements in film speed, without loss

of com rust, make for another advance in this sci-

ence. By reducing exposure to the patient in using

the faster film we obviate motion and excessive

radiation. Recent literature on this subject is avail-

able m dental publications and its use is recom-

mended. The last five years have seen great strides

in this science. It is our responsibility to keep

abreast of ihem.
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The basic differences between the several elec-

tromagnetic radiations is wavelength. The shorter

the wavelength, the more penetrating the radia-

tion. The wavelengths useful in modern dental

radiography are those in the spectrum most de-

sirable to both patient and operator. By using

voltages considerably higher than in older dental

X-ray equipment, the dentist is more adequately

able to penetrate dental structure without un-

necessarily exposing overlying tissue.

In the newer X-ray equipment, and by newer

we mean machines capable of generating voltages

up to 90 kv, the dentist finds many advantages.

The operator is able to vary the milliamperes of

tube current (ciuantitiy) of radiation and the

DEOXYRIBONUCLEIC ACID METABOLISM: IRRADIATION

EFFFECTS

Normal Deoxyribonucleic Acid Metabolism.

Before the effects of ionizing radiation on deoxy-

ribonucleic acid (DNA) can be discussed, it is

necessary to describe normal DNA metabohsm.

This is especially true for DNA because the syn-

thesis of the material is discontinuous; that is to

say, macromolecular DNA is formed only during

a part of the generation cycle in all cells, both

plant and animal, except for some bacteria. In

such widely different systems as broad bean (Vicia

jaba),^ Hly {Lilium longiflorum) ,- mouse tissues

of several kinds,^ human bone marrow cells,* and

human cancer cells in culture,^ DNA synthesis has

been shown to begin in the latter part of inter-

phase, and to end well before the onset of mitosis.

Onlv in bacteria does it appear that DNA syn-
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thesis occurs continuously throughout the genera-

tion cycle.*' On the other hand, RNA and protein

synthesis occurs throughout the intermitotic time

in practically all cells.

DNA is normally found only in the cell nucleus

and, furthermore, only in the chromosomes, so

that DNA synthesis is really a reflection of chro-

mosomal rephcation,^ in which "old" DNA acts as

a template or "primer" for the formation of "new"

DNA. It is also important to point out that DNA
synthesis occurs only in those tissues which con-

tain dividing cells, so that it is almost universally

true that DNA synthesis occurs only in cells pre-

paring for division. Claims for a "metabolic DNA,"
that is, a DNA that "turns over," and with a

function other than genetic,^ have been largely

disclaimed,®' ^° although an odd kind of DNA in

Rhyncosciara larva may very well be acting as

RNA does in other species."

In most higher plant and animal cells thus far

studied, DNA synthesis does not begin for a con-

siderable time, generally several hours, after mi-

tosis. DNA synthesis requires from V4 to V2 the

intermitotic time for completion, and in many
types of cells this time is 6 to 12 hours.^^ Following

DNA synthesis, mitosis does not occur for a 1 to

6 hour period. It has become common usage for

workers in the field to refer to these periods as G:

(the postmitotic, presynthestic rest or "gap"), S

(the period of DNA synthesis), G2 (the postsyn-

thetic, premitotic rest or "gap"), and M (mitosis).

It is necessary to know with considerable accu-

racy the time relationships of each of these periods

when studying the effects of radiation on DNA
metabolism.

A part of DNA metabohsm which has been

largely ignored until very recently, is the meta-

bolic activity in Gi
,
preparatory to the initiation

of DNA synthesis. It now seems certain that the

syntheses of the precursors and enzymes, required

for the final polymerization step of DNA synthe-

sis, occur during the Gi period.'^' '* It has been

shown that an orderly sequence of events, begin-

ning with the appearance of nucleosides followed

by the formation of the enzymes required for their

monophosphorylation and triphosphorylation, and

finally the synthesis of the polymerizing enzyme,

occurs before the onset of the S period. Since clas-

sical work on the effect of irradiations on induced

enzymes in bacteria has shown that enzyme in-

duction is a markedly radiosensitive process,^^

compared with the radiation effect on completely

formed enzymes,^** it is important that the syn-

thesis taking place during the Gi period be con-

sidered in studies on the effect of radiation on

DNA metabolism. Indeed, as will be discussed sub-

sequently, recent work has indicated that some of

the results can be attributed to an effect on the

syntheses occurring during the Gi period.

Reported Effects of Ionizing Radiation on
DNA Metabolism*. Inhibition of Rate of DNA
Synthesis. The first reported effect of X-irradia-

* An excellent and exhaustive review of the ef-

fects of irradiation on DNA metabolism has re-

cently been published by Quastler.'^'

tion on DNA synthesis by Hevesy in 1941," was

interpreted as an inhibition of the rate of DNA
synthesis. Since this time many similar results

have been reported.'^ It is important to point out

at this juncture that some of these results may
very well have been not a primary effect at all, but

caused by decrease in number of cells in synthesis,

at a relatively long time after irradiation, as a

consequence of mitotic delay or changing cell pop-

ulations. Such interpretations have been fully dis-

cussed by Kelly" and Howard.'" Nevertheless,

many of the reports have shown inhibition so

soon after irradiation that such explanations can-

not hold. Furthermore, the objection that the re-

sults of reduced incorporation may be due to a

flooding of precursor pools, as a result of cell

death or other cause, does not explain those cases

in which the simultaneous effect on RNA metabo-

lism is unaffected.-^ This is especially true for cell

cultures, and other in vitro homogeneous cell pop-

ulations, in which cell death does not occur during

the time of the decreased rate of DNA synthesis.

The mechanism of the immediate effect of ir-

radiation on DNA synthesis is not well understood

and, indeed, it may be different in different cell

types. In thymus the effect has been attributed to

damage to an enzyme responsible for the phos-

phorylation of nucleoside precursors.^^ In the case

of HeLa cells, such an interpretation does not

seem to be valid, and the immediate effect here

may be on the "primer," that is, the already pres-

ent DNA which acts as template for the formation

of new DNA.^^ A similar interpretation has been

proposed for the rate effect (as distinguished from

the so-called Gi effect) in regenerating rat liver.'^

A primer effect has also been proposed as the basis

of the less radiosensitive portion of the two-com-

ponent curve in human bone marrows, in which

the more radiosensitive response has been attrib-

uted to the phosphorylation effect."*

Inhibition of Cell Entry from d into S (d
Effect). Inhibition of the normal entry of cells

from the Gi period into the S period is among the

earliest reported effects of X-irradiation. This in-

terpretation of results has been reported for such

tissues as broad bean meristem,"^ human bone

marrow in culture,"" and regenerating liver."' Even
though the induciblelike formation of enzymes in

Gi required for the initiation of DNA synthesis

seems a likely radiosensitive site, the evidence for

such an effect seems to be indisputable only in

the regenerating liver, in which the basis of the

radiation-induced delay of entry into DNA syn-

thesis appears to be on the system responsible for

the formation of "polymerase,""^ the enzyme which

induces the final polymerization of the deoxy-

nucleoside triphosphates into DNA. Of course, in

the liver all the processes required for cell divi-

sion normally he dormant, in contrast to nor-

mally proliferating tissues, so that the unknown
"signaling devices" that initiate the many syn-

theses required for cell division may be the radio-

sensitive "targets."

Loss of DNA. There have been reports of loss

of DNA from cells, not a result of their death,'®
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but coincidental with the appearance of DNAase,

an enzyme capable of catabolizing DNA. In other

cases there have been reports of increased DNAase

activity, without loss of DNA.^^ The mechanisms

of these effects are unknown.

Mitotic Delay and Inhibition of Cell Flow

into Gi . Of all the immediate effects of X-radia-

tion on proliferating cell systems, the most obvi-

ous is mitotic delay, i.e., the inhibition of cell

division. This phenomenon has been studied most

intensely for many decades, and many of its

parameters in some cell systems are known in de-

tail; yet its basis is completely unknown. This is

largely due to ignorance of the chemical and phys-

ical basis of normal mitosis. The inhibition of

mitosis can occur with doses as small as 3 r [in the

grasshopper neuroblast''], and the effect is dose-

dependent, so that in many systems delays of the

order of the normal generation time of the cell

occur following doses in the order of 100 to 1000 r.

In these cases, the delay causes a depletion of cells

in the Gi compartment and subsequently in S also,

so that nearly all cells may be in the Go compart-

ment before resumption of mitosis occurs. This

depletion of cells in S is probably responsible for

many of the reports of ''depression of rate" of

DNA synthesis that have been observed several

hours following irradiation.

The mechanism of mitotic delay needs concen-

trated study. It is obvious that the immediate ef-

fect is on those cells in the late G2 period,'' or

perhaps in early prophase .^° Additionally, there is

evidence that G2 cells continue to be the most

affected'' in terms of mitotic delay [but probably

not cell death''] . The metabolic activity of cells m
the G2 phase is less understood than that of any

of the DNA phases. It is probable that when

means become available for the study of this

phase, clues to the mechanism of mitotic delay will

become more abundant.

Stimulation of Rate of DISA Synthesis and

Precocious Entry into S Phase. Very recently

good evidence for a completely different kind of

effect, stimulation of the rate of DNA synthesis,

has been presented. This effect, first reported for

onion root meristems,'* has recently been observed

in a mouse ascites tumor, and in the macronuclei

of Tetrahyjnena?^ In each case the stimulation of

synthesis occurred during the irradiation. It has

been suggested that the mechanism of this effect

depends on the formation of new sites for DNA
replication as a result of breakage of "primer"

by the X-rays. Coincidental with this effect in

the onion, but not in the other two systems, was

an increase in the number of cells synthesizing

DNA during the irradiation. Since cells with more

than the normal premitotic amount of DNA are

not formed, this observation indicates that pre-

cocious entry of cells into S from Gi occurs. These

results, if confirmed, are of importance, because

they indicate that cells can enter the S phase much
sooner than normally, and studies along this line

may shed hght on the mechanisms triggering DNA
synthesis and chromosomal replication.

Summary. It is obvious that many effects of

ionizing radiations on DNA metaboHsm have been

reported. Some of these are in direct opposition

to others. Thus, unfortunately, nothing resembling

a "law" for irradiation effects on DNA metabo-

Hsm can be proposed. Furthermore, the mecha-

nisms for the more obvious and general effects are

not understood. It seems most likely that the effect

of irradiation on DNA metabolism of any single

cell depends on its DNA metabohc state during

the time of irradiation. Thus, irradiation effects

must be studied at the cellular level, and must be

made at many intervals, including during and im-

mediately after the irradiation, in order to under-

stand both the immediate response and the long-

range effects.

In light of the many and different effects that

have been reported, it may be asked, why study

the effects of ionizing radiations on DNA metabo-

lism at all? This may be answered by giving (at

least) two very good reasons, in addition to the

classic one of "because it's there."

The first reason is that the site of the lethal ef-

fect of irradiation is most probably in DNA."'

Tlicrefore, if some reaction, or phase, of DNA me-

tabolism is especially radiosensitive, better under-

standing of the lethal effect will result. It is obvi-

ous that such an understanding would be of

importance ni many areas, e.g., the radiotherapy of

canrcr.

The second reason is, that by studying the ef-

fects of X- or gamma radiation, the mechanisms

involved in normal DNA metaboHsm can be un-

derstood better. For example, inactivation studies,

in which loss of activity of some function is meas-

ured against dose, can lead to estimations of the

so-called "target size" of the participating re-

actants. Comparison of these estimates with known

sizes of cell organelles or macromolecular aggre-

gates can lead to a better understanding of the

normal physiology of the cell.
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DEOXYRIBONUCLEIC ACID STRUCTURE AND FUNCTION.
See Mutations and Evolution.

DETECTORS OF RADIATION

When ionizing radiation interacts with matter,

energy is deposited. This deposition in general

causes changes in the irradiated material; these

changes are normally observable by some tech-

nique of physical measurement providing the radi-

ation exposure is in a "reasonable" range. The in-

verse of the last statement suggests that the

measurement can be used to quantitate the ex-

posure. Many detector systems have been investi-

gated; most suffer from various objections such as

extreme variation of response with changing radia-

tion quality, or too much exposure is required to

be practical.

Ionization Chambers. The ionization chamber

is the device used to collect the ionization produced

in a gas as a result of irradiation. A description is

needed of its operating principles in order to un-

derstand its use as a radiation detector.

All processes involved in X-ray attenuation

(which see) by matter result in the liberation of

at least an energetic electron. Such an electron

loses energy mainly by producing excitations and

ionizations (pairs of ions) among the atoms and

molecules along its path through matter. In air,

the average energy to produce an ion pair is now

taken as 33.7 ev. Ion pairs formed in this way will

recombine very rapidly unless separated by some

artificial means. The application of an electric field

to an ionized gas (air usually) is a convenient way

to achieve this separation. This is accomplished by

locating two electrodes exposed to the gas and im-

posing from an external source a potential differ-

ence between the electrodes. The positive ions will

move towards the negative electrode, the negative

ions toward the positive. It is practically impossible

to prevent all recombination but, with large enough

potential difference imposed, the loss can be less

than 1 per cent. If the imposed potential difference

is too large, additional (spurious) ionization will

be produced by collision of migrating electrons

with neutral molecules.

As the potential difference between the electrodes

is increased from a very small value, the number of

ions separated increases and, thus, so does the cur-

rent transported between the electrodes. As the

potential difference is further increased, a value is

reached beyond which only a few per cent of the

ion pairs formed are lost to recombination. The

current transported then rises almost imperceptibly

for a further increase in potential difference (until

ionization by collision becomes apparent), and this

steady value is known as the "saturation current."

The absolute value of the saturation current and

the applied potential difference at which it is first

attained both depend on the radiation intensity in-

volved. If the radiation intensity is sufficiently high

there may be no recognizable saturation current. It

is therefore necessary to know for each chamber

design and application that saturation has been at-

tained in order to interpret the chamber response

to a given exposure.

The ionization chamber is used very widely as a

radiation detector; the chamber design is subjected

to great variation depending on the intended use.

In addition to the two electrodes and the gas

atmosphere, some other material is required to sup-

port and separate the electrodes. At least some part
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of this material must provide a high degree of in-

sulation, even during irradiation. The application

of guard-ring techniques can be very useful to

minimize the remaining effects of imperfect insula-

tion. The electrode geometries used most com-

monly are variations on parallel plates or concen-

tric cylinders.

The unit of exposure dose, the roentgen, is de-

fined in terms of ionization produced in air. The
standard free-air chamber has been designed and

built for the specific purpose of measuring exposure

doses in this unit. This ionization chamber has

parallel-plate electrodes and has means incorpo-

rated for providing a uniform potential gradient

between the electrodes. A narrow beam traverses

the chamber, irradiating no material other than the

air. The plates are separated sufficiently so that not

even the secondary electrons can reach them, thus

producing the full measure of ionizations and

avoiding wall effects. It is important to realize that

an instrument having a scale which is graduated

in roentgens does not itself measure exposure dose

;

rather, the scale calibration is made to correspond

to an exposure dose measurement with a free-air

chamber. Such a calibration is directly valid only

when the instrument is used in air. Further, the

calibration of such instruments can be expected to

change with radiation quality. Sec Radiation Units

and Measurements.
The thimble-shaped outer electrode of the con-

denser r-meter detector is an example of electrode

geometry derived from concentric cylinders. This

instrument is calibrated in air against a free-air

chamber by substitution methods. As a practical

matter, the detailed construction of all parts of the

thimble chamber are adjusted so that the response

per roentgen is nearly independent (±2 per cent)

of X-ray quality over a limited but useful quality

range. A given thimble chamber should not be used

outside the quality range for which it is designed

and calibrated. If it is used at lower quality, the re-

sponse per roentgen will be small owing to in-

creased radiation attenuation in the chamber wall

;

if used at higher cjuality, the response per roentgen

will again be small, but in this case as a result of

insufficient wall thickness to produce equilibrium

between the incident radiation and the secondary
electrons.

Counters. Gas Multiplication Counter. In an
ionization chamber having an air atmosphere, the

electrons released by ionization will be attached

rapidly to oxygen molecules (large attachment co-

efficient), thus forming heavy negative ions. These
heavy ions require a longer time to migrate to

the positive electrode than do electrons. This long

migration time prevents detailed knowledge of

ionization events which occur rapidly, or in pulses.

When measurement of pulses is required, a gas

such as argon (small attachment coefficient) must
be used as the chamber atmosphere. The pulse may
then be seen as the collection of electrons at the

positive electrode. When the potential gradient

within at least a portion of an ionization chamber
is raised beyond saturation, electrons traversing

that region acquire (between collisions with mole-

cules) enough energ}^ to ionize additional gas mole-

cules. Consequenth', electrons are released which

are related to the presence of radiation only in a

secondary wa3^ These electrons are also available

to produce further ions, hence electrons, by colli-

sion.

If the atmosphere is a gas mixture, the ioniza-

tion current increase ma.v be further increased. As

noted (c/. X-ray Production), an energetic electron

loses energy to the atoms and molecules it passes

by processes known as ionization and excitation. In

either case, photons are released by a process called

fluorescence. With a suitable gas mixture, the fluo-

rescence radiation emitted by one gas maj^ be ab-

sorbed by the photoelectric effect in the other and

thus produce an additional electron (see X-ray

Attenuation). All electrons formed have essentially

an equal chance of reaching the positive electrode.

All processes leading to enhancement of the

number of electrons produced directh' as a result

of irradiation are referred to collectively as gas

multiplication. In addition to examining the de-

tails of pulses, gas multiplication is often useful in

the amplification of the effects of weakly ionizing

radiation. The actual amplification factor increases

as the applied potential difference is increased.

Proportional Counter. When the amplification

factor docs not exceed 10', the number of electrons

is proportional to the ionization produced within

a sensiti\-e volume, as by the track of a single

ionizing particle. One calls such an arrangement a

})r()]iortional counter.

Several designs for proportional counters are

used, the details being tailored to the radiation

being measured and to the information required.

A wide variety of mixtures of gases having small

attachment coefficients have been found suitable.

In the amplification range used (frequently around

10^), the multiplication is thought to be the result

mainly of collision processes and onl.y slightly of

electron photoemission.

Because of the rapid collection of electrons and

of the proportionality of output signal to primary

ionization, the proportional counter finds extensive

use in energy spectrum analyses of single-particle

phenomena, and particularly of heavily ionizing

particles. Very little use has been made of this

counter with X-rays.

Geiger-Mueller Counter. As the applied po-

tential difference is further increased beyond the

proportional counter region, the gas amplification

factor continues to increase. The proportionality

to primary begins to be lost and ultimatelj^ is com-

pletely lost. At this stage, a single ionization within

the sensitive volume produces a maximum dis-

charge with about 10^° electrons collected. The
progression from the single electron through both

multiplication processes is known as a Townsend
avalanche. A counter operating under these condi-

tions is known as a Geiger-Mueller (or Geiger, or

GM) counter.

Much of the radiation producing photoelectrons

is in the ultraviolet spectrum and is capable of

producing photoelectrons in the tube walls as well

as locallv. Electron emission from the walls is un-
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desirable since this would result in continuance of

the discharge. The discharge may be quenched

either with suitable design of the external circuitry

or by including in the counter atmosphere a poly-

atomic gas; ethyl alcohol is used frequently. The

polyatomic gas operates primarily by absorbing the

ultraviolet radiation without contributing further

photoelectrons, but with dissipation of the energy

absorbed by photodissociation. Because of the

photodissociation, the lifetime of a counter may be

hmited to about 10' counts. Halogens are also use-

ful for quenching, and these appear to have an in-

definite lifetime.

The electrical conditions within the counter do

not return to normal until the discharge has been

quenched and the positive ions have been collected.

The time involved for complete recovery amounts

to several hundred microseconds. Countable pulses

are seen before complete recovery but not until 200

/xsec more or less have elapsed. The time interval

in which the counter is nonfunctioning is called the

resolution time.

When the Geiger region has been reached by in-

creasing the apphed potential difference, a further

increase of 100 to 300 v produces a very small

increase either in the pulse height or in the count-

ing rate. This is the so-called plateau, and the

counter is usually operated part way up the pla-

teau. Beyond the Geiger region the apparent count-

ing rate appears to increase owing to the onset of

disruptive discharges ranging from corona to a

power arc.

Geiger-Mueller counters used to count particles

or very low energy X-rays usually have a thin win-

dow to admit the desired radiation. Those used for

higher energy X- and 7-rays not only do not have

a thin window but frequently have a heavy wall to

enhance photon attenuation and consequently pro-

duction of secondary electrons which are then

available to trigger the counter.

The efficiency of a Geiger-Mueller counter for

photons is relatively low, in the order of 1 per cent.

The exact value depends on details of counter con-

struction and the particular photon energy con-

cerned. The variation of efficiency with photon

energy is a result of photon attenuation character-

istics in the wall. The variation also prevents an

even approximately uniform calibration of count-

ing rate against any existing dose unit for X-rays,

popular usage notwithstanding.

Geiger-Mueller counters have found wide use in

analyses at low radiation levels, including pro-

tection surveys, and not always with wisdom. They
have been an important detector for diffraction and

crystallographic studies.

Scintillation Counter, Scintillation counters do

not have any of the physical characteristics of ioni-

zation chambers or counters derived therefrom.

Rather, advantage is taken of the prompt fluo-

rescence exhibited by a variety of organic and in-

organic solids and liquids when they are exposed

to ionizing radiation. A good scintillator efficiently

produces Hght in the visible and near-ultraviolet

portion of the spectrum. This range is particularly

suited to the photoemissive surface of multiplier

phototubes; these tubes can then be used to con-

vert the light to an electrical signal and to amplify

this signal for recording purposes.

Anthracene has been used widely, particularly for

charged particles. Sodium iodide, activated with

thallium, is possibly the most important scintillator

for use with photons. The relatively high density

and atomic number result in efficient attenuation

of the photons. Additionally, very large single crys-

tals of Nal(Tl) can be grown so that even sec-

ondary photons may be absorbed as well as the pri-

mary, or incident, photon. When substantially all

of the energy of an incident photon is deposited

in the crystal, no matter by how many successive

steps, the total hght produced is dependent only on

the energy of the incident photon. Thus, this crys-

tal is very useful not only for recording the num-

ber of particles but for analyzing their energy

spectrum as well.

The geometrical shape of the crystal has been

subjected to many variations. The right-circular

cylinder with or without a central well is found

most frequently. Whatever the geometry, it is nec-

essary to provide a light-tight housing to protect

the photocathode of the multiplier phototube. Fur-

ther, it is advantageous to convey to this photo-

cathode as much of the scintillation light as pos-

sible; hence the internal surfaces of the housing

are highly reflective and the crystal is coupled

optically to the glass shell of the phototube.

Liquid scintillation systems are useful where

very large ciuantities are required and crystals are

not suitable by reason of size or otherwise. They

are particularly useful for extremely low level

work, notably with radioisotopes. They have re-

ceived httle attention for use with X-rays.

Photographic Film. A photographic film con-

sists primarily of a cellulose acetate sheet on one

or both sides of which is coated an emulsion of

silver hahde grains suspended in gelatin. Most

X-ray film is ''duplitized," that is, both sides of

the base sheet are coated. The silver halide grains

are responsible for most of the image-forming capa-

bihties of the film. These are capable of storing

small amounts of energy which may have been re-

ceived either from visible or ultraviolet light, or

from ionizing radiation. The latent image consists

of excess energy stored in these grains.

Certain chemical solutions can supply just the

additional energy required to reduce the grains of

the latent image to metallic silver. Such chemicals,

including additives to maintain control of the reac-

tions, to minimize oxidation loss of the reducing

agent, and the like, are called developers. A subse-

quent chemical bath, known as the fixer, dissolves

the remaining silver halide and hardens the gela-

tin. The resulting ''film" is relatively transparent

when the original exposure was small and it is

blacker (more silver deposited) when the exposure

was large. (A film which has not been exposed will,

upon processing, show a small amount of blacken-

ing; this is known as fog, or background densit}'.)

The blackening is expressed quantitatively in

terms of photographic density: D = logio(/o 7),

were I/h is the fraction of the incident light in-
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tensity which is transmitted. Frequently the fog

value is determined independently and the densi-

ties recorded will be those above fog, hence pre-

sumably attributable only to the exposure received.

The eye, a sensory detector, responds to the log-

arithm of the incident stimulus. Thus, the density

unit is proportional to blackening as seen by the

eye. Densities are additive as seen either by the eye

or by a densitometer. Following Hurter and Drif-

field, the blackening characteristics of films are

usually exhibited as a graph on which density is

plotted against the common logarithm of exposure.

For many emulsion varieties plotted in this man-

ner, the characteristic curve exhibits a portion ap-

proximating a straight line. The slope of this line

is known as 7 (gamma), or as the contrast of the

film. (The existence of this straight-line region is

particularly important for control of tone repro-

duction in popular photography.)

For radiography and the like, constant contrast

implies that the visibihty of a density variation will

be independent of exposure in this straight-line

region. Films exhibiting this characteristic have a

limited amount of silver in the emulsion; the maxi-

mum density developable does not exceed 4.0.

Other types of film are made in which the maxi-

mum density may be as high as 12; in these, the

straight-line region is not reached in the practical

density region. Instead, the density is very nearly

proportional to the exposure, implying that visi-

bihty of a flaw or foreign object will increase with

the exposure, hence with the density (a brighter

light source may be required).

A quantity called latitude has been defined hi

several ways, but inevitably it is related in some

fashion to the ratio of exposures which can be

suitably recorded. Clearly, the higher the contrast,

the smaller the latitude, and conversely. Another

pair of characteristics which usually bear a recipro-

cal relationship are speed and resolution. Speed is

usually defined in terms of the reciprocal of the ex-

posure required to produce some specified density.

Increasing the grain size will increase the amount
of silver developable, hence the speed. On the

other hand, this same grain size increase will de-

crease the visibility of objects close together, that

is, the resolution.

The apparent speed of a film for an X-ray ex-

posure may be increased typically 10 to 50 times by

the use of fluorescent screens. Of the many fluo-

rescent crystals, those of greatest value are good

absorbers of X-rays and emit their fluorescence

mainly in the blue and near-ultraviolet portion of

the spectrum; this is the spectral region for which

the silver halide grain and hence the film is most

sensitive. The shape of the characteristic curve for

a film is not changed appreciably by the use of

fluorescent screens; it is shifted altogether to

smaller exposures by a constant ratio which is fre-

quently known as the screen factor.

As a rule, the density developable is determined

by the total exposure and not the exposure rate.

This is known as the Reciprocity Law. This law

fails both at very high and at very low exposure

rates, both producing an apparent reduction in

speed. The failure at low exposure rates, or if a

substantial delay occurs between a normal ex-

posure and development, is of interest and is oc-

casioned by fading of the latent image. The

amount of fading depends on the type of emulsion

and on the relative humidity and temperature his-

tory.

A film is not uniformly sensitive to X-ray pho-

tons of all energies. Photons in the neighborhood

of 30 to 40 kev are particularly well-absorbed by

the silver halide grains (photoelectric effect), and

the sensitivity of these photons is usually 20 to 30

times that for photons of substantially higher en-

ergy. This circumstance presents a severe hmitation

on the usefulness of films for dosimetry.
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DETECTORS OF X-RADIATION (NORELCO)

A variety of X-ray detectors are available for

X-ray diffractometry and X-ray spectrometry. In

addition to the Geiger counter, there are scintilla-

tion and proportional counters and the recently de-

veloped gas flow proportional counter. The appli-

cations for which each detector is best suited

cannot be sharply defined, but there are areas in

which certain types can be used most advantage-

ously. The chart in Fig. 2 offers a vivid indication

of the range of various detectors with respect to

the characteristic wavelengths for elements in the

order of their atomic weights. Detectors are de-

signed so as to be freely interchangeable in the de-

tector bracket of the goniometer. Fig. 1 illustrates

the four types of Norelco detectors.

Geiger Counter. The Geiger counter (Fig. 1,

lower left) is the basic detector for both diffractom-

etry and spectrometric techniques. It has the ad-

vantage of simple electronic circuitry. Maximum of

about 1000 counts per second limits accuracy and

speed. The quantum efficiency is peaked from 1

to 2k, where it is about 60 per cent at 1.5A. Best

signal-background ratio will be obtained in this

region. Compared to scintillation counters quantum

efficiency is poor and the possibihty of pulse height

discrimination does not exist. The counter has a

long life with high and uniform sensitivity.

Scintillation Counter. For diffraction and spec-

trographic apphcations requiring sensitivity to both

hard and soft radiation, high counting rates and, or,

pulse height discrimination, the scintillation
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Fig. 1. Four types of Norelco detectors
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counter (Fig. 1, upper left) may be used. Consist-

ing of a thallium-activated sodium iodide crystal

mounted on a photomultiplier tube, the detector is

equipped with a preamplifier and cathode follower.

Electronics are supphed for coupling to the cuTuit

panel. The detector features high general efficiency

over the entire spectral range ; higher usable rates—

up to 100,000 cps, resolution time is of the order of

1 microsec.

Proportional Counter. The new proportional

counter (Fig. 1, upper right) consists of a filled side

window tube mounted on a small electronic chasis

equipped with a preamphfier and a cathode fol-

lower. Intermediate electronics are supplied for

coupling the proportional counter to the electronic

circuit panel. This type of detector is suited for

radiations from elements in the low to middle

atomic number range and features linear counting

rates up to 100,000 counts per second in addition to

excellent energy resolution of pulses and an in-

herent discrimination against high energy scatter

and background.

Flow Proportional Counter. The flow propor-

tional counter (Fig. 1, lower right) has the advan-

tage of faster counting rates and even higher effi-

ciencies for soft radiations; and when used with a

pulse height analyzer, will often improve peak-to-

background ratio. The counter is a two-window

proportional tube, designed to permit a conlinuous

flow of gas within itself. The advantages of th(-

system lie in the fact that the windows may .<imi)h-

be covered with ultra-thin materials such as "My-

lar," beryllium, collodion or "Formvar"—reducing

radiation absorption. Its resolving time is loss tlian

1 microsec.

Philips Electronic Lnstruments

DIAMOND, NATURAI AND SYNTHETIC: X-RAY STUDIES

(See also "Diamond Synthesis," A. A. Giardini, p. 234.)

Of all the mineral species in earth's natural

kingdom, diamond is probably the most fasci-

nating. It is best known as a gemstone, but of

even greater significance is its widespread usage

as an industrial abrasive and cutting material,

stemming from its being the hardest natural sub-

stance known to man. Diamond also has superior

optical properties (index of refraction, dispersion,

etc.), is an efficient infrared window, and functions

as a semiconductor. As a result of its simple,

strongly covalent, monatomic structure, it has en-

joyed substantial crystallographic attention re-

garding bonding, defect structure (particularly

twinning), anomalous diffraction effects, symmetry,

etc. It is not surprising, then, that diamond has

been the subject of so many research investiga-

tions, particularly in the fields of geology, miner-

alogy, crystallography, and solid-state physics.

This paper, concerned with diamond X-ray stud-

ies, can only touch briefly upon some of the various

endeavors in the field. In addition, a few of the

author's own studies on synthetic diamond are de-

scribed (Kohn and Eckart, 1962).

Diamond-Graphite. That diamond and graphite

are constituted of the same chemical species, car-

bon, is almost as incomprehensible as the fact that

common table salt consists of a poisonous metal in

association with a toxic gas. Pure graphite is a

soft, black material occurring as thin, hexagonal

plates. A layer consists of a sheet of tightly bound

carbon atoms, wherein each atom is surrounded in

planar fashion by three equally disposed carbon

atoms at a distance of 1.421A. Interatomic bonding

normal to the plate faces (i.e., parallel to the crys-

tallographic c axis) is so weak that the plates easily

slide over one another. It is this property which

leads to the widespread use of graphite as a solid

lubricant.

Diamond, on the other hand, is vastly different.

Each carbon atom is surrounded by four tetra-

hedrally disposed carbon atoms at a distance of

1.544A. Although its bonding is generally regarded

as the "ultimate in covalency," some studies (e.g.,

Kleinman and Phillips, 1962) raise some question

as to the "purely covalent" nature of the bond.

Pure diamonds arc colorless, crystallographically

cubic, and occur most commonly as octahedra.

Whereas the cleavage (basal) of graphite is ex-

tremely easy, that (octahedral) of diamond is diffi-

cult. Pure graphite is an electrical conductor; pure

diamond is an insulator. Hardness and optical

properties are totally different in the two materials.

The basic structure of diamond is invariant,

whereas graphite is known in a two-layer (hexag-

onal) form, a three-layer (rhombohedral) variety,

and possibly other more complex modifications as

indicated l)y electron diffraction (Hoerni, 1949).

Natural Diamond. It is fitting, indeed, that the

first X-ray diffraction studies of diamond were

carried out by the Braggs (1913), shortly after

von Laue's discovery of X-ray diffraction. They es-

tablished the correct structure, the latter having

undergone only minor refinement over the ensuing

half-century. One should not conclude from this,

however, that the complete story of the diamond

structure is now known. It has been apparent for

some time that there are at least three, possibly

interrelated, problems serving to "complicate" the

picture: the "forbidden" (222) reflection, types I

and II diamonds, and anomalous diffuse reflections.

''Forbidden'' (222) reflection. On the basis of

an "ideal" diamond structure, one would not expect

X-ray diffraction patterns to show a (222) reflec-

tion. Such reflections, although weak, are never-

theless quite common. Many (222) occurrences

have been attributed to multiple reflections (Ren-

ninger effect), but presences have been noted where

the Renninger effect cannot occur. These "real"

(222) reflections in diamond structure materials

have been termed "perturbation reflections" (Hei-

denreich, 1950) and are considered natural phenom-

ena on the basis of the dynamical, or wave-me-

chanical, theory of diffraction (see also Kleinman

and Phillips, 1962).

Types I and II diamond. Robertson, Fox, and

Martin (1934) showed that diamonds could be di-
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vided into two classes on the basis of ultra\'iolet

and infrared absorption, fluorescence, photoconduc-

tivity, counting effect, crystal perfection, intensity

of (X-ray) reflections, and anomalous diffuse

(X-ray) reflections (see summary in Structure Re-

ports for 1947-1948). Among the more elaborate

attempts to explain the two diamond types and

intermediate specimens was that of Raman (1943,

1944), who proposed a new theory of diamond

lattice dynamics. Kaiser and Bond (1959), however,

have shown that the major difference between the

two classes is substitutional nitrogen, the rarer

{^5%) type II crystals being essentially free of

this impurity. They demonstrated that almost all

of the type differences could be accounted for on

the basis of this discovery.

Anomalous ^^diffuse''^ reflections. In addition

to the normal X-ray diffraction spots at reciprocal-

lattice points, type I (common) diamonds show

sharp secondary spots, streaks, and groups of spots,

and both types show small, roughly spherical

regions of diffuse scattering. The latter appear to

offer no problem, having been attributed to heat

motion of the atoms. The origin of the secondary

reflections, however, is not as clear. Raman (1958)

has attributed them to an excitation, by incident

X-rays, of diamond lattice vibrations, causing a

change in frequency of the reflected X-rays, which

then results in secondary, dynamic reflections. On
the other hand, they may be associated with nitro-

gen impurity or with some factor, e.g., stress,

caused by the nitrogen contamination. Lonsdale

(1943) has given a full account of work on diffuse

scattering and extra reflections up to 1942.

Diamond Twinning. Twinning is generally re-

garded as a defect structure whereby a crystal

''repeats itself" according to a specific geometrical

operation. The (111), or octahedral, plane in dia-

mond is not only its major cleavage surface but

also the plane across which twinning commonlj^

takes place. The atomic configuration around a

(111) twin plane is so similar to the normal atomic

arrangement in diamond that the lattice energy

difference is extremely small. The resultant high

probabihty of twinning is supported by the ex-

tremely common occurrence of this defect struc-

ture in diamond crystals. One would be hard

pressed, in fact, to find a specimen entirely free of

microscopic twinning.

Morphological and X-ray studies of diamond
have shown not only simple twins, but also high-

order twinning, i.e., non-parallel twinning of a twin.

Such relationships have been described by Slawson

(1950). Twin complexes involving as many as five

non-parallel stages of twinning have been observed.

Clusters or multiple crystals, which are quite com-
mon in diamond, are generally not random inter-

growths, as might be inferred from cursory ex-

amination, but high-order twins with aborted in-

termediate individuals.

Diamond cutters have long known of "knots"

which impeded or even precluded the cutting or

polishing of crystals. X-ray studies have shown
such "knots" to be twins offering hard cutting di-

rections to the grinding wheel or saw. More re-

cently, twinning in diamond is of interest to

sohd-state physicists concerned with the rare semi-

conducting (type lib) variety.

Synthetic Diamond. The .synthesis of diamond
by the (American) General Electric Company in

1955 has initiated a new round of research on this

intriguing material. Having finally won out over

the last of nature's mineral species to defy synthe-

sis, man now has within his grasp the means for

studying the mysterious diamond formation proc-

ess. Progress has already been made in this direct-

tion (Lonsdale, Milledge, and Nave, 1959; Giar-

dini, 1962), and further studies are currently aimed
at a better understanding of the growth mecha-
nisms of terrestrial and meteoritic diamond.

Several laboratories have now achieved success-

ful diamond synthesis. The author, however, has

had occasion to study by X-ray means only those

prepared at his Laboratory. Such crystals have
been made exclusively from graphite-metal sys-

tems. Instrumentation and specimen chamber
geometry are referred to elsewhere in this volume
(Giardini, 1962) and will not be discussed here.

Diamonds were examined from syntheses using

graphite in combination with each of the metals

Ni, Co, Mn, Fe, and Inconel.

Crystals ranged in color from black to green to

yellow to colorless, showed cube, cuboctahedral,

and octahedral habits, and were usually less than

0.5 mm. on an edge. The principal means of ex-

amination was an oriented single-crystal rotation

pattern, mostly with a dodecahedral [110] rotation

axis; random rotation patterns were sometimes

used.

Results obtained at this Laboratory on diamonds
grown from Ni support the findings of Lonsdale

et al. (1959), who studied principally General Elec-

tric specimens. They had found that the diamond
patterns were always accompanied by a similarl}^

oriented, but slightly displaced, "satellite" pattern.

The latter was shown, by a study of intensities as

a function of wavelength, to derive from oriented

single-crystal inclusions of a slightly smaller face-

centered cubic compound, NixC (x > 4). The pat-

tern reproduced in Fig. 1 shows the diffraction of

a nickel-grown diamond together with its satellite

reflections. The circled reflection is (200), for-

bidden by the diamond space group, but permissi-

ble and always present in the case of the metal-

containing phase. Similar results, except for

changes in the satellite phase spacings, were also

obtained using diamonds grown from Co and In-

conel. The latter, since it is a Ni-Cr-Fe alloy,

showed metal-containing phases of slightly varying

cell dimension depending upon the temperature of

formation.

Diamonds grown from Fe or Mn, on the other

hand, showed no X-ray evidence of a satellite phase.

The pattern from a manganese-grown diamond is

reproduced in Fig. 2. Note the absence of (200).

The inner ring of reflections is graphite (0002), with

the nodes indicating preferred orientation of the

graphite inclusions along diamond octahedral

planes. Sometimes the graphite ring showed no

preferred orientation, more often it was com-
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Fig. 1. Rotation pattern of Ni-grown diamond, showing "satellite" reflections on high-angle

side of diamond reflections; note presence of (200), circled. FeKa, 10 hr., [110] rotation.

Fig 2 Rotation pattern of Mn-grown diamond, showing absence of "satelhte" reflections

and (200) ; note (0002) graphite ring with nodes indicating octahedral preferred orientation.

FeKa, 10 hr., [110] rotation.
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Fig. 3. Rotation pattern of natural diamond. FeKa, 10 hr., [110] rotation

pletely absent. For comparison an analogous rota-

tion pattern of natural diamond is given in Fig. 3.

The reason for the formation of included satellite

phases upon growth from some metals and not

from others is quite straightforward. Under the ex-

perimental conditions used, only certain metals

form a stable, face-centered-cubic phase having a

dimensional fit suitable for oriented inclusion

within the diamond structure. Co and Ni satisfy

this requirement, whereas Mn and Fe do not. Thus

for pure, colorless specimens, growth from Mn or

Fe is prescribed. Such crystals are normally octa-

hedral, owing to the higher temperatures of forma-

tion; this is in keeping with the temperature-

increasing secjuence: cubes, cuboctahedra and

dodecahedra, octahedra.

Secondary Reaction Products. Phases coexist-

ing with diamond are significant because they bear

upon the growth environment. Such natural spe-

cies have been studied for many years in order to

shed light upon the formation of natural diamond.

Similarly, secondary reaction products obtained

during laboratory preparation of diamond are also

of considerable interest, and some of these are de-

scribed here.

Pyrophyllite, the hydrous aluminum sihcate sur-

rounding the charge volume as an insulator and

pressure-transmitting solid, decomposed to form

kyanite (Al203-Si02) and coesite (dense Si02)

(Giardini, Kohn, Eckart, and Tydings, 1961). The
viscosity of the coesite is so low under the experi-

mental conditions used that it is often injected into

the graphite charge area as thin veinlets. Kj-anite

is colored green by chromium, and coesite appears

to be tinted blue by cobalt.

As expected from metal-carbon systems, an as-

sortment of carbides was obtained in the reaction

products. The sequential relationship of these

phases to the formation of diamond is described

elsewhere in the present volume (Giardini, 1962).

Although there seems to be httle connection with

the terrestrial formation of diamond in volcanic

necks, some relationship is to be expected with

meteoritic occurrences (Lipschutz and Anders,

1961).

With the exception of minor spinel phases and

faint unidentified diffraction lines, the remaining

secondary reaction products consisted of garnets.

Three members of the garnet family were identi-

fied: almandite (FesAloSiaOis), spessartite (MnsAb-
SiaOio) and a new cobalt-containing garnet (C03AI2-

SisOno). Stoichiometry of the latter was established

by emission spectroscopy and by a comparison of

calculated and observed cell dimensions. These

silicate species form by virtue of a reaction be-

tween pyrophyllite and the metal phase. The gar-

nets are occasionally intergrown with diamond

crystals, as shown by spotty diffraction lines of

garnet superimposed upon the diamond rotation

patterns. These findings are deemed significant be-

cause garnet is a common diamond accessory min-

eral. Thus the story begins to unfold, and it is

hoped that the time is not too far distant when

the formation of natural diamond will no longer be

shrouded in mystery.
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DIAMOND SYNTHESIS

(See also "Diamond, Natural and Synthetic: X-Ray Studies,"

J. A. Kohn, p. 230.)

The first serious attempt by man to create dia-

mond occurred approximately 80 years ago.' The

first substantiated synthesis was announced in

February, 1955 by the General Electric Company
Research Laboratory, Schenectady, N.Y.- Shortly

thereafter (May, 1955), a second success was re-

corded by the Swedish firm of Allmanna Svenska

Elektriska Aktiebolaget.^ Data on the third inde-

pendent synthesis, by the U. S. Army Signal Re-

search and Development Laboratory, was pub-

lished in I960.* Within a few years, therefore, this

last significant mineral of nature which withstood

duplication for so long became a routinely produci-

ble material.

Although the production of diamond has been re-

duced to practice, a clear understanding of mecha-

nisms of formation still is subject to discussion.

Thus far two distinct physical-chemical techniciues

have proven successful. The first, used by all ref-

erences cited above, essentially involves a reaction

of carbon with an intermediate material under rela-

tively static high pressures and high temperatures.

The second method, first announced by the Stan-

ford Research Institute of Menlo Park, Calif, in

June, 1961,^ constitutes a direct transformation of

graphite to diamond. The latter is accomplished

by subjecting graphite to a very high instantaneous

stress developed by explosive shock.

Instrumentation. Thus far, concurrent pressures

and temperatures of at least 45 kilobars* and

1150°C, respectively, have been found necessary to

effect diamond growth. Figure 1 provides a sche-

matic summary of the principal types of instru-

ments which have proven capable of diamond syn-

thesis.

Figure 1(a) illustrates the now famous "Belt"

high pressure-high temperature apparatus of the

General Electric Company.^' ' This type of device

produced the first synthetic diamond. It is still one

of the most effective pressure vessels available

today. Its principle design feature for generating

high pressures is the compressible preformed coni-

cal gasket.

Figure Kb) shows a cross-sectional schematic of

the "Supported Stepped Piston-Cylinder" chamber

of the U. S. Army Signal Research and Develop-

ment Laboratory .•'• *
' This device is capable of

generating sustained pressures and temperatures to

100 kilobars and 2500'C, respectively. It has been

used for most of the work on diamond reported

herein.

Figure 1(c) provides a perspective schematic of

H. T. Hall's "Multi-Anvil" pressure apparatus of

tetrahedral configuration.'" This device normally

functions on the principle of an extruded com-

pressible gasket. It recently has been observed,

however, that preformed compressible gaskets pro-

vide superior performance.! Sample deformation

normally encountered is markedly reduced because

of the diminished displacement of compressible

solid from the pressure cavity.

Figure 1(d) presents a cross section of the

"Girdle" chamber developed by the Battelle Me-
morial Institute.'' Although similar to the "Belt"

in geometrical appearance, this device utilizes the

elasticity of multiple steel binding rings in place

of the compressible gasket principle.

Figure 1(e) illustrates the Multi-Anvil device of

cubic configuration first used by Almanna Svenska

Elektriska Aktiebolaget," and recently developed

into a self-contained unit by Barogenics, Inc.'^ A
structural framework supports and directs six cen-

trally converging hydraulically powered anvils ori-

ented 90 degrees to each other. This unit also

operates on the principle of an extruded compres-

sible gasket, although preformed gaskets similarly

have been found to provide superior character-

istics. (See footnote t.)

Figure 1(f) constitutes a cross-sectional sche-

matic of the explosive shock apparatus developed

by the Stanford Research Institute.'* A "shaped"

explosive charge is detonated against a free piston

so as to direct a planar shock wave into a soUd

* 1 bar = 1.0197 kg/cm' = 0.9869 atmosphere =
14.5038 psi.

t Based on work conducted at this laboratory

with 2000-ton force capacity cube and tetrahedral

Multi-Anvil devices.
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(^)
'belt" apparatus /unsupported stepped PISTON-

V / CYLINDER" APPARATUS

/'^\*'tetrahedral multi-anvil
APPARATUS

(d)
"girdle" APPARATUS

(e) "^"^1^, MULTI-ANVIL
APPARATUS

(f)'
'shock wave APPARATUS

= STEEL ^^W^ = SINTERED WC-C« /( = DIRECTION OF APPLIED FORCE + = ELECTRICITY

Fig. 1. Schematic summary of diamond-making api^aratiis

cjdindrical specimen. Pressures and temperatures,

determined to be of the order of 400 to 500 kilo-

bars and 1000 to 1500°C, respectively, have been

generated for intervals of approximately one mi-

crosecond. Graphite has been successfully con-

verted directly to diamond with this device.

Thermodynamics of Diamond Formation. The

chemical thermodynamics of the carbon-carbon

system (hexagonal graphite-cubic diamond) have

been studied in detail by Rossini and Jessup,'' and

by Berman and Simon.'' Although both forms of

carbon exist in nature, only graphite is truly stable.
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Diamond may be classed as metastable ; its rate of

reversion being imperceptible under normal condi-

tions, and measurable only at temperatures in the

vicinity of 1000° C.

The relationship,

^graphite "<^— (-^diamond

discussed in terms of free energy, yields

F,-F, = AF

It is common knowledge that a negative value of

the relative free energy, AF, signifies permissibility

for the above carbon-carbon equation to proceed

to the right. Under such conditions the diamond

crystal structure would be a stable one. Conversely,

a positive value designates that left is the only per-

missible direction of net change, thus specifiying

graphite as the stable structure. A zero value of

AF represents no net change, a permissible co-

existence of both graphite and diamond, and there-

fore, a state of equilibrium. The kinetics of change

are not considered here. The latter has been dis-

cussed by both A. Neuhaus^' and H. T. Hall.'®

Additional work is to be done in this area of

diamond synthesis.

Values of AF calculated from experimental data

taken at normal pressure are positive to approxi-

mately 1200°C."' Graphite, conseciuently, is the

phase which might be expected from any formative

process carried out under normal pressure. In order

to establish the permissibility for possible diamond
formation, some environmental change must be

imposed on the system in order to create a favor-

able balance of energy. The relationship, with AV

f AVdP = AF' AFt°

a function of both P and T, shows that AF can be

made negative by increasing pressure. A plot of

AF = &s a. function of pressure and temperature,

as determined by Berman and Simon,'" is included

in Figs. 8 and 9. The region of diamond stability

(AF = negative) lies above the equilibrium line of

AF = 0. It can be seen that theory postulated high

pressure as a requisite for diamond synthesis. All

experimentation thus far has proven this to be

correct.

Growth Mechanisms (Dh'ect Conversion).

Since the method used by the Stanford group for

diamond formation is the most direct, it will be

discussed first. The apparatus used has already

been reviewed in the section on instrumentation.

Graphite is placed within a hollow right circular

cylinder of stainless steel closed at one end and
plugged at the other with a movable solid stainless-

steel piston. A planar charge of explosive is det-

onated so as to direct the resultant shock front

along the axis of the piston-cylinder assembly en-

closing the graphite. Stress duration is approxi-

mately one microsec. At pressure intensities cal-

culated to be between 400 to 500 kilobars, along

with resultant adiabatic temperatures estimated at

1000 to 1500°C, a reproducible direct conversion

of graphite to diamond has been accomphshed.

Both spectrographic and commerical grades of

graphite have been successfully transformed to

diamond. Although rather large samples may be

handled by the shock-wave technique, yields real-

ized thus far generally run below 5 per cent. The
diamonds crystallized resemble meteoric carbo-

nado, and are found as finely disseminated clusters

generally less than 10 microns in size. Their color

is black. They are poorly crystalHzed, yielding a

diffuse X-ray diffraction pattern. The material ap-

pears to possess the hardness characteristic of

natural diamond. Figure 2 shows a view of a

typical starting plug of graphite and the resultant

graphite + diamond reaction product.*

Two tentative explanations have been advanced

on the mechanism of conversion. The first is based

upon the partial similaritj' in the arrangement of

atoms in diamond and the rhombohedral modifica-

tion of graphite.^ In contrast to normal hexagonal

graphite, where planes of hexagonally arranged

carbon atoms are staggered laterally with respect

to the principal axis so that every other layer

lies directly above the first, the rhombohedral

structure shows three consecutively staggered

layers with the third being directly above the first.

This yields a relatively close geometrical analogy

along the principal axis of rhombohedral graphite

compared to the octahedral axis of diamond. A
simple compression of approximately 61.5 per cent

along the weakly bonded c-axis in conjunction with

a minor lateral translation of about 0.25A, brings

the atomic positions into proper tetrahedral con-

figuration analogous to that in diamond. The small

conversion yield of graphite to diamond roughly

corresponds with the usual rhombohedral content

of stock graphite.

The second interpretation is simply that of a

general disruption of the graphite crystal structure

and carbon bonding with subsequent recrystalliza-

tion at some time during the pressure cycle." Dur-

ing the recr3'stallization period, random sites ex-

periencing proper bond orientation succeed in

crystallizing as diamond. The interpretation of the

conversion mechanism is still under discussion.

Crystallization from Solution. Although the

formation of diamond through reaction of carbon

with some intermediate material under essentially

static fields of high pressure and temperature has

been described as catalytic," and catalytic solu-

tion,^" it has been the contention of the writer that

the process can be satisfactorily described within

the bounds of ordinary chemical solution.*-
''

The equipment used for the research is primarily

that shown in Figure Kb), namely, the Supported

Stepped Piston-Cyhnder device. Figure 3 illus-

trates the components used within the reaction

cavity of the apparatus. The top row, from left to

right, shows the bottom half of a pyrophyllite

cylinder which is used for pressure transmission,

as well as electrical and thermal insulation. An

* Material provided by Dr. P. DeCarli of Stan-

ford Research Institute.
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(a) (b)

Fig 2 Example of (a) a typical graphite specimen prior to shock-mduced very high pres-

sure and high temperature, and (b) graphite plus diamond reaction product subsequently re-

covered.

Fig 3 Typical example of high pressure-high temperature cavity components used for

diamond synthesis in the supported stepped piston-cyhnder high pressure-high temperature

apparatus.

electrical resistance pressure calibration circuit is

shown next, followed by the remaining half of the

pyrophylhte cell. Directly below these items lie

a metal electrical contact disk, a cylindrical plug

of metal reactant, a graphite plug, an additional

metal reactant plug and contact disk. A sectioned

assembled unit is directly to the right, followed

by a nylon sleeve which provides electrical insula-

tion for the portions of the high-pressure pistons

extending into the high-pressure cylinder bore. The

above configuration has been found suitable for

reaction studies because of its simplicity, and be-

cause reaction surfaces are broad and essentially

isothermal. Where reaction between the reactants

under study and pyrophylhte occurs, however, the

arrangement of the bottom series generally is used.

The graphite-pyrophyllite interface is nonreactive.

Contamination by diffusion through the graphite,

however, must be considered. Since the basic geo-

metry illustrated both for reactants and passive

constituents is universally applicable to all present

t^'pes of static pressure equipment, and is suitable

for diamond growth, other designs will not be de-

scribed.
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Fig. 4. A cross-sectioned specimen recovered from a supported stepped piston-cylinder

apparatus after being subjected to high pressure and high temperature. Synthetic diamond

can be observed at the metal-graphite interface.

Fig. 5. An example of diamond growth from an

iron-carbon system. Note the octahedron protrud-

ing from the top left. The crystal edge showing is

approximately 2.7 mm long.

Figure 4 shows a cross-sectioned complete speci-

men recovered from the pressure vessel. The con-

stituents from center top to bottom are: (a) Un-
reacted iron; (b) iron carbides and diamond; (c)

unreacted graphite. The thermal environment is

illustrated by the hght gray eUiptical zone sur-

rounding the reactants. Here pyrophyllite has been

altered to coesite and kyanite." The pressure meas-

uring circuit is shown at (d).

Figure 5 provides a view of a core recovered

from an arrangement illustrated by the bottom

row^ of Fig. 3. The reactants consisted of an iron

rod placed within a graphite tube. Area (a) shows

diamond crystals covered with unreacted graphite.

Intermixed and behind the diamond are iron car-

bides. Zone (b) constitutes a central core of iron

silicate. The latter formed as a result of silica

diffusion from the outer pyrophyllite cylinder.

Characterization is not yet complete. The iron:

silicon ratio is about 1:1 by weight.

Recent studies have shown that the mechanism

of diamond synthesis under conditions of static

high pressure and high temperature involving

multi-component systems is one of a solution of

carbon in a suitable solvent to a state of super-

saturation. The thermodynamic instability of the

resultant solution requires decomposition, and

yields subseciuent crystallization of the precipitated

free carbon. Whether the latter crystallizes as

diamond or graphite appears primarily dependent

upon the local pressure-temperature environment.

Theoretical data on the diamond-graphite equi-

librium derived by Berman and Simon^*' have been

experimentally verified within specified limits of

probable error (see Figs. 8 and 9). The minimum
temperature for diamond growth at a given pres-

sure in any usable system is defined by its carbon

saturation hmit.

The behavior of metal carbon solvents falls into

two general categories: those prone to form stoi-

chiometric carbon compounds (carbides), and those

which are not. Examples of the former are Fe, Mn,
Cr, and Ta. Pt, Ni, and Co exemplify solvents not

prone to form carbides.

On the basis of diagnostic evidence from the

study of residual products, the mechanism of

diamond synthesis in the case of non-carbide-
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forming solvents such as nickel or platinum, or

alloys thereof, apparently is that of simple bmary

(or ternary, etc.) solution carried to supersatura-

tion. An idea of the degree of carbon solubility m
nickel is given in Fig. 6. The latter, 6(a), shows

a cross section of a nickel plug heated to a "nor-

mal" diamond growth temperature (1475°C) but

maintained at a shghtly deficient pressure (45 to

50 kilobars) for a period of 2 min. The white area

is nickel and the gray is dissolved carbon. Note

the sharp segregation of metal and precipitated

carbon.

That the carbon was truly in solution is illus-

trated by Fig. 6(b). Again the white areas are

nickel and the gray-to-black phase recrystallized

graphite (photographed in crossed polarized hght).

The coarse and regular microstructure is fully dif-

ferent from both the residual bulk unreacted

graphite and that in contact with but undissolved

in the metal.

The reaction mechanism in carbide-forming sol-

vents constitutes a sequential formation of carbon

compounds with increasing stoichiometric carbon

content. The sequence proceeds, in the presence of

excess carbon, to the formation of an "ultimate

carbide" having the highest possible stoichiometry

of carbon. The latter, again in the presence of ex-

cess carbon, decomposes to the next lower carbide

with the liberation of free carbon atoms. This

sequence has been observed both for pure iron and

manganese as well as chromium. The chemistry

described is regenerative by reaction of the "lower

carbide" decomposition product with additional

unreacted graphite.

Typical examples of each class of solvent are

given in Fig. 7. The flow diagrams illustrate the

case of a simple binary sohition (Ni-C), as well as

that for the manganese-carbon system.

Pressure-temperature diagrams are given in Figs.

8 and 9 for the nickel-carbon system and the

manganese-carbon system, respectively. Both in-

clude the Berman and Simon data for the carbon-

carbon system. Estimated limits of error are in-

cluded.

During the course of work on diamond, it had

been observed that crystals synthesized from both

nickel and cobalt invariably contained an internal

contamination of the metal element. The degree

of contamination (and crystal morphology) was

found to be dependent upon the temperature dur-

ing crystallization. The impurities could be readily

detected by a visual discoloration in shades of

3'ellow, green, or brown. A more quantitative de-

termination can be made either by determining the

degree of magnetism, by analytical optics, or X-
ray diffraction. Diamonds grown from Fe or Mn
solutions, on the other hand, could be made color-

less and chemically pure.

The fundamental couse for this difference in

purity has been gleaned from a study of analytical

data obtained from the spectrographic and X-ray

diffraction study of the diamond and related prod-

ucts from the various chemical systems.* The level

* See preceding article by J. A. Kohn.

(a)

Fig. 6. Examples of carbon solubility and recrys-

tallization at high pressures and temperatures in

simple metalhc solvents.

(a) Cross-sectioned nickel plug showing dissolved

carbon in the upper portion.

(b) Microstructure of nickel—carbon solution.

White areas are nickel, and the gray to black re-

crystallized graphite. Photographed in crossed po-

larized light.

of contamination is directly related to the degree

of structural compatibility of phases present during

crystalhzation with that of diamond. Xickel and

cobalt containing limited amounts of carbon both

possess structures which almost perfectly match

that of diamond. These phases, conseciuently, are

easily accommodated within diamond as dispersed

but systematically oriented inclusions.*"^

Two other factors worthy of note are: (a) the

liigher the temperature at which diamond crystal-

lization is carried out, the greater the tendency

towards octahedral morphology; (b) the concen-

tration of included matter is roughly inversely

proportional to the temperature at crystallization.

The impurity, however, still maintains the same

approximate chemical composition and structure.
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Fig. 7. A flow diagram illustrating the sequential nature of nnetal-carbon interaction (in an

excess of carbon) under high pressure as a function of temperature.
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Fig. 8. Composite pressure-temperature diagram for the systems carbon-carbon and nickel-

carbon. Pressure values are referred to the bismuth transitions taken at 25.4, 26.9, and 90

kilobars and that for barium at 60 kilobars. Temperature values determined by thermocouple

measurement.

The formula for that of nickel has been suggested

as NixC, with x greater than 4.^^ The carbide-

forming systems do not possess residual (nor in-

cluded) phases having suitable structural com-

patibility for epitaxial inclusion within diamond.

Phases which are present during crystallization,

therefore, are rejected. The only included phase

which has been observed in carbide-forming sys-

tems is recrystalHzed graphite, generally oriented

along (111) planes.

Consideration of the above discussion yields

support for the proposed mechanism of direct

chemical solution of carbon followed by precipita-

tion and recrystallization. First, the possibiHty

that phases present during diamond crystalhzation

may act as epitaxial or catalytic growth sites can-

not be categorically ruled out since analysis is

based on residual products; however, the observed

range of structural compatibility of coexistent

phases from excellent to nonexistent suggests this

probabihty to be questionable. Second, the great

excess of dissolved carbon existing in a saturated
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26.9, and 90 kilobars and that for barium at 60 kilobars. Temperature values determmed by

thermocouple measurement.

Fig. 10. Synthetic diamond crystals,

mately 0.4 to 0.5 mm in size.

approxi-

solution prior to decomposition and diamond

growth (see Fig. 6 [a]) in comparison to residual

included matter such as Ni^C also impHes that the

latter simply represents an entrapped incidental

Ni-C composition from the depleted carbon solu-

tion which circumstantially has a crystal structure

similar to that of diamond. The possibiHty exists

that the latter may be influential to the crystalhza-

tion of the NixC or CoxC since it has only been

observed entrapped within diamond. Third, at

higher temperatures of crystaUization both the

total yield of diamond and number of individual

crystals is greater, whereas their size and impurity

content (non-carbide-forming solvents) is lower.

By analogy, these characteristics are similar to

ordinary crystallization processes from chemical

solution. The above can be interpreted as repre-

senting rapid supersaturation as a function of tem-

perature and reactant concentration resulting in

widespread precipitation, nucleation, and growth.

The lower concentration of included foreign matter

(where it exists), can be taken to indicate simply

a more complete local depletion of dissolved car-

bon independent of influence on diamond crystal-

lization.

Figure 10 shows several well-crystallized s>ti-

thetic diamonds. Their size is shghtly less than 0.5
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DIFFRACTION ANALYSIS. See Asphaltenes; Austenite Re-

tained in Hardened Steels; Barbituric Acid Derivatives;

Beryllium Compounds Calcination Products; Bone Min-
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Diffraction and Spectroscopy.

DIFFRACTION IMAGE INTENSIFICATION. See Intensification

of X-Ray Images V.

DIFFRACTION AT SMALL ANGLES. See Scattering and

Diffraction at Small Angles.

DIFFRACTION OF X-RAYS: BASIC APPARATUS AND TECH-

NIQUES

Photographic Film Methods. The basic camera

consists of a pinhole system which coUimates the

X-ray beam into a narrow pencil of X-rays, an

adjustable device to hold the specimen in a definite

orientation in the X-ray beam, and a photographic

plate in a lightproof holder. There are a number

of variations of this arrangement, a few of which

are hsted in the paragraphs which follow. The

geometrj^ of the arrangement may vary, the film

may be flat, curved, or coiled in the form of a cyl-

inder. In addition, both the sample and the film

may be stationary during exposure, or either the

specimen or the film, or both, may be subjected to

a definite motion during exposure. Techniques of

film handling, development and storage are to be

found in Refs. 3, 6 and 9.

In the Laue method, film and specimen are both

stationary during exposure. The flat photographic

film is mounted normal to the X-ray beam and

placed a few centimeters from the sample to re-

(•oi\-e either the rays diffracted through the crystal

or tliose reflected backward from its front surface

(see Fig. 1). If a single ciystal is the specimen,

parabolic or elliptic arrays of points will be pro-

duced on the film placed in position to receive the

transmitted rays (Film A, Fig. 1), whereas hyper-

bolic arrays of points will be produced on the film

in the l)ack-reflection position (Film B, Fig. 1).

Once the Laue photograph is exposed and de-

veloped, the array of spots can be analyzed by in-

spection of the symmetry of the spots and by

measurement of the positions and intensities of

the spots. The symmetrj^ of the Laue photograph

displays the symmetry of the crystal in relation to

its orientation in the X-ray beam. Crystal sym-

metry and orientation are thus determinable. The

array of Laue spots can be conveniently mapped

onto the corresponding reciprocal lattice diagram

by use of the gnomonic projection. In this man-

ner, the proper indexing of the reflections in the

Laue photograph can be determined. Front-reflec-

tion photographs may be used for identification

while back-reflection photographs may be used for

precision lattice constant measurements. The Laue

method is now chiefly used for the determination of

crystal orientation and symmetry, and for reveal-

ing crystalline imperfections such as distortion and

recrystallization. Formerly the method was im-

portant in crystal structure determination, but

more sophisticated methods are used now."' ^' *'
^

In the cylindrical powder camera (Debye-

Scherrer method or Straumanis method) the film

is wrapped on a cylindrical form, coaxial with the

specimen (a crystalline powder in the shape of a

cylinder) with the axis of the cyhnder at right

angles to the X-ray beam (see Fig. 2). The dif-

fraction pattern from a powder or polycrystalline

sample is a series of nearly circular arcs, each of

which corresponds to reflection by a different fam-

ily of planes. Interplanar spacings can be meas-

ured and crystal type deduced from the powder

pattern. The powder method has become an im-
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FILM

B

FILM

A

Fig. 1. The Lane method

cation. Other apphcations mchide studies of dif-

fusion mechanisms and thermal expansion coeffi-

cients. A detailed discussion of the focusing camera

and the systematic errors is to be found in Ref. 6.

In the rotating-crystal method, monochromatic

X-radiation is incident on a single crystal which is

rotated about one of its axis. Normally a cylindri-

cal-film arrangement is used in which the axis of

the film coincides with the rotation axis (see Fig.

4). The fiat-film arrangement is less frequently

used because it intercepts only a small portion of

the diffracted rays. Usually the rotation axjs is

chosen to be at right angles to the incident X-ray

beam. The reflections may be indexed by an ana-

lytic method or by specially prepared Bernal

charts. There is an uncertainty in indexing a ro-

tating-crystal photograph due to the possibility of

overlapping reflections. It is possible to reduce the

Fig. 2. The cylindrical powder camera

portant tool for identifying the constituents of

various processes in chemistry, metallurgy, miner-

alogy, physics, ceramics, and other fields of re-

search. The powder method may be used to de-

termine the average size of grains in a metal, their

crystal structures, as well as the phase boundaries

in chemical and metallurgical equilibrium dia-

grams. Phase changes and other related phenomena

may be determined. The usefulness of this method

is due to a large extent to the fact that it is non-

destructive and requires only a small amount of

material.^'
''

''
*

By making use of "focusing geometry," cameras

can be constructed which give much greater resolu-

tion without increased exposure time when com-

pared with Debye-Scherrer cameras of the same

radius. The geometrical arrangement of the jocus-

ing camera is one in which the powder specimen,

camera slit, and photographic film all lie on the

circumference of the same circle (see Fig. 3). The

X-ray beam diverges from the camera sht s which

acts as a point source and is incident on the powder

sample located along arc A-B. Diffracted rays from

(hkl) planes come to a precise focus at point P.

The most accurate measurement of a lattice con-

stant can be made in the back-reflection region of

the diffraction spectrum. The hack-reflection focus-

ing camera can ordinarily yield a result with a pre-

cision of 0.02 per cent, and with sufficient care

0.003 per cent precision is attainable. The cylindri-

cal Debye-Scherrer camera, on the other hand,

yields results with a precision of 0.1 to 0.02 per

cent. In the study of alloy phase diagrams, the

determination of solid solubility limits by precise

lattice-constant measurements is one useful apph-

ASYMMETRIC

FOCUSING CAMERA

SPECIMEN

BACK-REFLECTION

FOCUSING CAMEA

Fig. 3. Geometry of the focusing camera

X-Rays-

Film

Fig. 4. Rotating-crystal method
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Fig. 5. Spectrometer

amount of uncertainty by limiting the number of

planes allowed to reflect for each photograph. This

can be done by limiting crystal rotation. The crys-

tal can be oscillated about the axis of rotation by
a predetermined amount. This is the principle of

the oscillating-crystal method. Both the oscillating-

crystal and rotating-crystal methods are useful in

determining crystal s.ymmetry and in evaluating

unit cell dimensions. These methods are particu-

larly useful in determining space-group assign-

ments by observation of symmetrj^ extinctions.^

The uncertainty in indexing a rotating-crystal

photograph can be removed if the film is either dis-

placed laterally or rotated in synchronism as the

crystal rotates. This is the basis of all moving-film

methods. In this manner overlapping reflections

can be separated on the film. The Sauter method
and the Schiebold method use the rotating film

technique, whereas the Weissenberg method has

the film transported laterally. The resultant X-ray
photograph of these three methods is, in each case,

a projection of the reciprocal lattice that is dis-

torted, the distortion being due to the individual

method of recording the X-ray reflections.

The method of de Jong and Bouman permits un-

distorted photography of the reciprocal lattice. The
precession caynera of Buerger is a modification of

the de Jong-Bouman camera. The Weissenberg

camera and the precession camera are described

elsewhere in the Encyclopedia.

There are about as many modifications to the

recording methods described here as there are

X-ray crystallographers. Some methods are de-

signed for specific tasks such as preferred-orienta-

tion camera. Other modifications are designed for

general crystallographic studj^, such as the gyrat-

ing-Laue camera. It is not possible to list or de-

scribe all of these methods. The reader is referred

to the bibliography at the end of this article and
to the periodical, Acta Crystallographica.

Electronic Detection Techniques. The X-ray
spectrometer is an instrument for measuring X-ray
spectra by means of a crystal of known structure.

The X-ray dijfractometer is an instrument for

studying crystalline materials by measurement of

the way in which they diffract X-rays of knowm
wavelength. The same instrument can be used for

either purpose. The geometry of the spectrometer-

diffractometer is shown in Fig. 5. A powder sample

C in the form of a flat plate is located at the center

of the diffractometer table. The divergence slits

are located at S and X-rays diverge from this

position. The receiving slits R are also located on

the circumference of the same circle. D repre-

sents the detector and T represents the X-ray tube.

The sample surface is flat and the sample is caused

to rotate with one-half the angular velocity wath

which the detector rotates. This arrangement in-

sures that the parafocusing conditions are satisfied

for pow^der samples. A different arrangement can

be used in w^hich the powder sample is in the form

of a cylinder and is spun about its axis.

The diffracting sample may also be a single

crystal in the form of a sphere or cylinder. The
single-crystal specimen is usually mounted on a

goniometer device which enables the crystal to be

oriented in the X-ray beam. There are several

modifications of the single-cr3'stal diffractometer.

The specimen may be mounted on a goniometer

w'hich permits rotation about the Eulerian axis

sj'stem. This goniometer is mounted in the center

of the standard diffractometer table. Another ar-

rangement utilizes the Weissenberg apparatus

adapted for counter use. There are other single-

crystal devices which have been specifically de-

signed for counter detection.^"^^ Reference should

be made to Acta Crystallographica.

There are various systems under development at

present to permit automated exploration of the re-

flection space of single crystals. These S3^stems

would permit automatic collection of intensity

data."

Comparison of Film and Electronic Detector

Methods. Comparison between film methods and

electronic methods may now be considered. The
film method enables the simultaneous recording of

many reflections, while the electronic methods can

"see" onlj- one reflection at a time. Hence, the film

method permits shorter exposures, which is im-

portant when crystals may decompose. Film meth-

ods also present "instant symmetry" by inspection,

while the data obtained by electronic methods

must be plotted to determine symmetry. Electronic

detection methods require well-regulated powder

supplies w-hereas film methods do not, since photo-

graphic film is a time-integrator. Film exposure can

be performed unattended while electronic methods

require constant supervision, except for powder

measurements, which may also be obtained un-

attended. However, automation may dispense with

this requirement in single crystal diffraction study.

The balanced-filter method can be used only with

electronic techniques to eliminate background and

monochromatize the X-ray beam. Greater precision

of intensity measurements is possible with elec-

tronic detection methods than can be realized with

film methods. This feature is important in crystal

structure synthesis.
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DIFFRACTION OF X-RAYS: DETECTION AND MEASURE-

MENT

The X-ray diffraction experiment, reduced to its

basic components, consists of a source of X-radia-

tion, a difiracting specimen, and a detector of the

radiation. The theory of X-ray diffraction and de-

scriptions of sources of radiation and sample prep-

aration are adequately discussed in other articles

in this Encyclopedia. This article is concerned with

the detection and measurement of diffracted beams
of radiation.

Two methods of observing X-ray diffraction

phenomena are in general use today. The first

method is dependent upon the photochemical

change in a photographic emulsion when X-rays

are absorbed. Various experimental techniques

utilizing this effect are discussed in Diffraction

of X-Rays: Basic Apparatus and Techniques. The
second method is dependent upon the ability of

X-rays to ionize gases and to produce fluorescence

of light in some crystals. Electronic detection tech-

niques utihzing these effects are also discussed in

the above-mentioned article. In a general point

of view, radiation (including heat, infrared, visible

light, ultraviolet, and gamma and X-radiation)

may be detected by devices that respond to the

energy absorbed or by devices that respond to the

quanta absorbed. The former type of detector is

represented by the bolometer and thermocouple

detectors, while the latter type of detector is rep-

resented by the photographic film and the Geiger-

Mueller counter. Quantum detectors are generallj"

used in X-ray diffraction procedures.

Film Methods. The photographic film consists

of grains of silver bromide containing a small per-

centage of silver iodide suspended in a gelatin

matrix and coated on a celluloid or glass backing.

T
ANODE

TO
AMPLIFIER

Fig. 1. Ionization chamber

Absorption of light or X-rays initiates a photo-

chemical process which results, upon proper de-

velopment, in a deposit of grains of metallic silver.

For X-rays, it is believed that the absorption of

one quantum is sufficient to produce a developable

grain. By comparison, for visible light about 300

quanta are required. The darkening of the film is

proportional to the exposure E, defined as the

product of the intensity of the absorbed X-rays /

and the duration of exposure t.

E =^ It

the law fails when carried to extremes but holds

with sufficient accuracy over an intensity ratio of

100:1. The characteristics of X-ray films, their

handling, development, and storage are adequately

discussed in Refs. 3, 6, 9, listed at the end of "Dif-

fraction of X-rays: Basic Apparatus and Tech-

niques."

The positions of spots, arcs or circles which ap-

pear on the photographic film can be measured

by simple optical devices. The type of device de-

pends upon the particular kind of X-ray technique

used in exposing the film. The determination of

the blackening of the film, and hence the intensity

of the absorbed beam, can be made by visual in-

spection or by photometric measurements based on

absorption or scattering of light by the grains of

silver.^'
^' ^'

^

Electronic Detection Techniques. Electronic

detection methods are based upon the ability of

X-rays to ionize gases and to produce fluorescence

of visible Hght in some crystal. These effects pro-

vide a means of detection and measurement of

X-YSiy intensities.

One typical ionization chamber consists of a

cylindrical metal shell (cathode) filled with a gas

and containing a fine metal wire (anode). One end

of the chamber is covered with an X-ray trans-

parent "window" such as micra or beryllium (see

Fig. 1). Absorption of X-rays is accompanied by
the ejection of photoelectrons and Compton recoil

electrons from the atoms of the gas. With a moder-

ate potential difference between the electrodes (say

200 v) the electrons and ions are collected on the

electrodes, resulting in an ionization current of

perhaps 10"^ amperes in the external circuit. The
ionization current is a measure of the X-ray in-

tensity. The ionization chamber was used in the

original X-ray spectrometer of Bragg, but is now
obsolete for X-ray intensity measurements because

of its low sensitivit}'.

The same device can be made to operate as a

proportional counter if the voltage is raised higher

(say 600 to 900 v) such that gas amplification oc-

curs (i.e., multiple ionization). Electrons produced
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by the primary ionization are accelerated towards

the central wire and gam enough energy to ionize

other gas atoms by collision. The electrons re-

moved from the gas atoms in this manner can

cause further impact ionization. The number of

atoms ionized by the absorption of a single X-ray

photon is 10^ to 10^ times as large as the number

ionized in an ionization chamber. The ionization

current avalanche produces a voltage pulse in the

external circuit. The size of the voltage pulse is

directly proportional to the number of ions formed

in the primary ionization process, which in turn is

proportional to the energy of the X-ray photon.

The proportional counter is a fast counter, resolv-

ing separate pulses arriving at a rate as high as

10'' per second. Each ionization avalanche is con-

fined to a narrow region of the central wire 0.1 mm
wide or less.

The proportional counter may be operated as a

Geiger counter if the voltage is raised higher (say,

several hundreds of volts). The absorption of an

X-ray photon anywhere within the volume of the

Geiger counter triggers an ionization avalanche

that extends over the entire length of the counter.

The gas amplification is much larger than that of

the proportional counter and is of the order of 10'

to 10". All voltage pulses produced m the external

circuit are of the same amplitude, independent of

the energy of the absorbed photon. While the

Geiger counter is an extremely sensitive detector,

there is an upper limit to the rate at which incident

photons can be accurately counted without losses.

The recovery time, at which pulses regain full

amplitude, is of the order of 200 to 300 microsec.

The scintillation counter utihzes the ability of

X-rays to produce fluorescence of visible light m
some substances. One such substance used in X-ray

measurement is sodium iodide that has been acti-

vated with a minute quantity of thallium. The

amount of Ught emitted is directly proportional to

the energy of the absorbed X-ray photon. The

crystal of Nal is shielded from external light by

an X-ray-transparent "window" and is optically

coupled to a photomultiplier tube. The flash of

hght produced in the scintillation crystal (when an

X-ray photon is absorbed) ejects a number of elec-

trons from the photosensitive cathode of the

photomultiplier tube. These photoelectrons are ac-

celerated towards the first of several dynodes,

where on impact, each electron causes the ejection

of two or more secondary electrons. These elec-

trons are accelerated towards a second dynode

where the multiplication process is repeated. There

are about 10 to 12 dynodes in the multiplier tube.

The total gain is about 10^ The absorption of one

X-ray photon in the scintillation crystal initiates

a process that results in the collection of a large

number of electrons. The magnitude of the voltage

pulse produced in the output circuit is proportional

to the energy of the absorbed photon. The scintilla-

tion counter can detect photons arriving at a rate

as high as 10^ per second. The scintillation counter

has relatively constant sensitivity over a wide

range of wavelengths. In contrast, the sensitivity of

the gas-filled detectors varies greatly with wave-

length since the most sensitive operation of these

detectors occurs when the wavelength of the ab-

sorbed radiation is close to an absorption edge of

the gas.

The proportional counter, Geiger counter, and

scintillation counter produce a voltage pulse every

time a photon is absorbed. The intensity of the

scattered radiation can be characterized by count-

ing the voltage pulses produced by the detecting

circuit, and thereby by determining the photon

flux. Electromechanical counting devices have iner-

tia and this imposes a limit to the count-rate that

will be registered. Electronic scaling circuits can be

used between the detector and the mechanical

register. These reduce the count-rate by prede-

termined ratios and also smooth the randomly

spaced pulses to nearly constant rates so that the

mechanical register can operate at lower rates and

constant rates so as to minimize the inertia in-

volved in start-and-stop acceleration. Many types

of apparatus no longer use the electromechanical

register. Instead, the scaling circuit itself provides

a method for measuring the count-rate by means

of the neon indicator-interpolation hghts which are

part of the electronic circuit. There are two waj^s

of using a scaler to obtain an average counting

rate ; counting for a fixed period, and counting for

a fixed number of counts. Electronic timing and

counting circuits are used to control the mode of

operation.

A ratemeter is a device which indicates the

average counting rate directly. It consists of two

parts. The first part is a pulse-amplifying and

pulse-shaping circuit which converts the counter

pulses which vary in amplitude and shape into

rectangular pulses of fixed amplitude and constant

width. The second part is a time-averaging circuit.

A typical circuit consists of a capacitor which is

charged by the pulse-shaping circuit and which dis-

charges through a high impedance meter circuit.

A constant charge is added to the capacitator for

each pulse and the charge leaks away through the

meter circuit. At eciuilibrium the rate of charge is

balanced by the rate of discharge. Hence the meter

current is a measure of the X-ray intensity. The

response of the ratemeter may be either a linear

or a logarithmic function of the actual count-rate.

In addition to a standard meter as a visual indi-

cator, the ratemeter may incorporate a strip chart

recorder for a permanent record.

The proportional counter and the scintillation

counter produce voltage pulses whose magnitude is

directly proportional to the energy of the absorbed

X-ray' photon. A pulse-height-analyzer may be

used' to sort out the different pulses according to

magnitude. A spectral analysis of the radiation

may thus be obtained. A single-channel pulse-

height analyzer may be used to select only those

pulses of a certain magnitude to be counted by the

succeeding scahng and counting circuits. This is

termed a pulse-height discriminator. The pulse-

height analyzer permits a proportional or scintilla-

tion counter to be operated under nearly mono-

chromatic conditions.

The unwanted components of an X-ray beam

may be discarded by use of the balanced-filter

method. Neighboring elements of the periodic sys-
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tem have absorption which varies with wa\'elength

in a generally similar manner, except that the ab-

sorption edge of a heavier element is shifted to a

smaller wavelength. If filters are made of a pair of

such elements, their thicknesses can be adjusted so

that they absorb almost exactly the same for all

wavelengths except in the gap between the absorp-

tion edges. The difference of two successive in-

tegrated intensity measurements, one obtained for

each of the pair of filters, is the true integrated in-

tensity for the K-alpha radiation (for example)

which has been effectively monochromatized and

corrected for background radiation. A further ad-

vantage of this method is that errors due to simul-

taneous diffraction of submultiple wavelengths are

eliminated. The intensity of the radiation is much
higher than that attainable by use of the crystal

monochromator (described elsewhere in this En-
cyclopedia) and as indicated above the purity of

the beam is more definite. The balanced-filter

method has been "automated" so that the true in-

tegrated intensity can be obtained in one pass.^^

The use of these detection devices in diffraction

apparatus is discussed under the heading "Diffrac-

tion of X-Rays: Basic Apparatus and Techniciues."

Alfred E. Attard

DIFFRACTOMETER. See Diffraction of X-Rays: Basic Ap-

paratus and Techniques; Transforms, Optical;

Diffractometers: Programmed Automatic; Quantitative

Analysis of Mixtures by Recording Powder Diffractom-

eter. ,

DIFFRACTOMETERS: PROGRAMMED AUTOMATIC

A diffractometer is an instrument with which the

intensities and positions of diffracted X-rays or

neutrons can be measured, using a quantum
counter for the detector. Until 1952, such an in-

strument was erroneously called a spectrometer,

despite the use of constant wavelength in diffrac-

tion measurements. In that year W. Parrish coined

the word "diffractometer," which has since been

completely accepted by crystallographers. The cor-

responding instrument using photographic film as

the detector is the familiar X-ray "camera." In the

X-ray camera, the sheet of film is a two-dimen-

sional detector: in a diffractometer, the quantum
counter (for example, a scintillation or propor-

tional counter) is a one-dimensional detector.

Furthermore, the film is an analog detector, w^ith

the amount of darkening on the film proportional

(within limits) to the number of X-ray quanta

received by the film, whereas the quantum counter

is a digital detector. Because of these differences,

modern diffractometers and X-ray cameras have

developed along different lines.

In this article, the diffracting material is taken

to be a single crystal. To satisfy both the dift'rac-

tion conditions (Bragg, von Laue) and the one-

dimensional detector property, the crystal and the

detector must each be correctly oriented. There are

two basic diffractometer designs that fulfill these

requirements. In one, the crystal is reoriented for

each reflection so as to bring its diff'racted beam
into the equatorial plane. This is the plane that

contains the direct X-ray beam and is normal to

the given crystal rotation axis. The detector can

then be rotated in this plane through the required

angle to receive the diffracted beam. With this

design, three crystal orientation angles must be de-

fined in addition to the detector angle for each re-

flection. In the alternative design, the detector is

moved about an axis normal to the coUinear crys-

tal and detector rotation axes to receive upper re-

ciprocal level reflections: the crystallographic axis

remains coUinear with the two rotation axes. A
crystal orientation angle, the detector angle, and
an angle that is constant for the entire reciprocal

level now have to be specified. The number of

angular variables per reflection is hence halved in

the second design.

Diffractometers have been constructed on the

basis of both the above designs. In manual opera-

tion, four (or two) angles must be accurately set

for each reflection measurement. The large num-
ber of operations required made diffractometry not

only highly tedious, but also susceptible to reading

errors. Automation techniques have therefore been

applied, both to existing and to specially built

diffractometers, in an effort to combine the in-

herently higher precision of the diffractometer \vith

the convenience in use of the X-ray camera. Analog

and digital techniques have each been applied in

positioning the crystal and the detector. In the

analog method, mechanical linkages directly re-

construct the reciprocal lattice, with the crj^stal

and detector being automatically placed in the

correct positions. This method generally lacks flexi-

bility for fully automatic operation. The analog

linkages also do not permit equal precision for all

angular combinations.

The digital method has been developed at sev-

eral research centers. At the heart of a digital auto-

mation technique is the ability to convert angular

positions to a digital form. This can be done by
angle encoders, of which many t^^pes are now avail-

able. A typical encoder gives as output k X n dif-

ferent combinations of voltage (1) or no voltage

(0) at the ends of wires making contact with each

of the 2ir/n sectors of a circle, where each sector

is divided into k segments for the /cth-order

code. The particular (binary) combination of seg-

ments then uniquel.v determines the sector and

hence the angle : as n increases, the precision in

angle location increases. For large ?i (e.g., n >
1000) it is common practice to use two or more
encoders geared in series together. The angular

variables in an automatic diffractometer can now
be specified, motor-driven to reach coincidence be-

tween the specification and the actual angle, and

the drive then stopped at coincidence. The angles

all having been correctly located, it is then possi-

ble to enter a logical cycle controlling the meas-

urement of the integrated intensity. For maximum
input flexibility, the various angles and cyclical

operations required can be supplied to the auto-

matic diffractometer in the form of punched paper

tape, punched cards, or magnetic tape.
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A brief description of the essential logic of a

typical programmed X-ray or neutron automatic

diffractometer will now be given. The input in-

formation on punched paper tape contains the

Miller indices of the reciprocal lattice point, the

angular position of the detector, the initial and

final angular positions of the crystal and the angu-

lar increment by which the crystal is to be rotated

between timed count cycles of the detector. The

Miller indices are transferred from the input to an

output punched paper tape as an identification

character. The detector is rotated to the angle

specified for it, and the actual angle reached is

punched out, following the Miller indices, on the

output tape. The crystal is similarly driven to its

initial position and the angle reached is punched

out. The number of counts received by the de-

tector in a preset length of time is measured and

punched out. The crystal is rotated by the small

angular increment given on the input tape and the

count again measured and punched out. This re-

peats until the final crystal angle is reached for

that particular reflection, when a final count is

measured and punched out, followed by a punch-

out of the actual final crystal angle. This whole

process is repeated for each point in a given re-

ciprocal lattice level. For different levels, a pair

of angles has to be manually set. The entire input

tape is computed and punched out by a general-

purpose, high-speed digital computing machine.

The output tape is processed by the same machine,

so that the processed output gives, for each named
reciprocal lattice point, the integrated intensity,

all the corrections to be applied, the structure

amplitude, the structure factors, and the standard

deviation in the structure factor. This information

is given both in printed form and on punched cards

of suitable format for subsequent crystallographic

computations.

Future programmed automatic diffractometers

will be still more versatile. Larger capacity ma-
chines will replace the present limited capacity

storage, input, and output programming units that

control the diffractometers, so that a continuous

series of checks can be apphed. In case any cri-

terion is not met, suitable corrective action could

at once be taken, instead of the error merely being

detected and labeled as at present. Actions leading

to angles not within acceptable coincidence limits,

erroneous intensity counts recorded, intensity max-
ima not at the computed position etc., thus could

be repeated experimentally until all the pro-

grammed criteria are satisfied.

S. C. Abrahams

DIFFRACTOMETRY, HIGH TEMPERATURE. See High Ter

perature X-Ray Diffraction I, II, III.

DIFFRACTOMETRY, LOW TEMPERATURE. See Deformations

of Structure in Antiferromagnetic Monoxides.

DIFFUSION COUPLES (Al-Ni), ANALYSIS BY X-RAY AB-

SORPTION

An investigation of the aluminum-nickel diffu-

sion system was started at Sylvania Research Lab-

oratories by L. S. Castleman and L. L. Seigle.^ It

was their desire to study the formation and growth

of the intermetaUic layers in the aluminum-nickel

system as an aid to the understanding of the dif-

fusion-bonding process between these metals. They

measured increases in thicknesses of these inter-

metaUic layers as a function of interdiffusion time,

interdiffusion temperature, and applied pressure.

They found that an aluminum-nickel diffusion

couple annealed at 600'C for 340 hours contained

all the phases that are thermodynamically possible

at the diffusion temperature. The phases present

were NiAL (iS), NioAU (7), NiAl (5), and NisAl

(c). It was felt that X-ray absorption techniques

would be useful in estabhshing the compositional

limits of the various phases as described in the

published phase diagram' which is shown in Fig. 1.

This technique has the advantage that systems

with steep concentration gradients can be analyzed

where chemical analysis is very difficult. More-

over, it has the advantage that the high-tempera-

ture phase need not be retained at room tempera-

ture for the determination of phase boundaries.

Theory. The use of X-ray absorption techniques

for the analysis of metallic diffusion couples was in-

vestigated originally by R. E. Ogilvie'' of the Mas-

sachusetts Institute of Technology.

If a monochromatic X-ray beam is passed

through a thin metal specimen, the intensity of

the transmitted beam is given by the equation

/o ex
^i->)

(1)

where h is the initial intensity, fi/p is the mass

absorption coefficient of the metal for the wave-

length used, p is the density of the metal, and t

is the thickness of the metal in centimeters.

The mass absorption coefficient can be obtained

from the hterature or measured experimentally.

The advantage of using the mass instead of the

linear absorption coefficient is that the mass ab-

sorption coefficient is independent of the physical

condition or state of the absorber.

If a homogeneous binary alloy of elements A and

B is placed in the path of a monochromatic X-ray

beam, the transmitted intensity is given by

/o exp
(:)/''-tV'-^]

PA+Bt (2)

where Wa and TFb are the weight fractions of ele-

ments A and B respectively, and /ja+b is the density

of the alloy.

If a sample of pure A of the same thickness as

the alloy is placed in the X-ray beam, the relation

obtained is

In (///o)a+b

In (///o)a

= \Wa+ —7— Wb
I (/x/p)a J PA

(3)
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Fig. 1. Phase diagram of the aluminum-nickel system

When using this expression, the density as a

function of composition must be known. Then the

thickness is eliminated provided the thickness of

A is the same as that of the diffused zone. The
ratio of the mass absorption coefficients can be ob-

tained from the literature or measured experi-

mentally from the ends of the diffusion couple,

using the following expression

:

In (7/7o)b (ju/p)i

In (///o)a (m/p)apa
(4)

However if the density as a function of composi-

tion is not known, and it is desirable to eliminate

the dependency on uniform thickness, it is possible

to use an experimental technique employing two

X-radiations. The following expression, using cop-

per Kai and molybdenum Ka^ is an example :

In (7//o)cu ^ [WA(ui/p)A + WBWp)B]cn

In (///o)mo
~ [WaWp)a + WB(.a/p)B]Mo

(5)

This equation is then independent of the densitj^

of the alloy as a function of composition and uni-

form specimen thickness is not required.

Experimental. Sample Preparation. The alu-

minum-nickel couples were made from high-purity

material. Half-inch-diameter disks were punched
from strip material, were given a grain-coarsening

anneal, and then were chemically cleaned. The
furnace used and conditions for diffusion of the

couples are described elsewhere.^ After diffusion,

cross sections were prepared and examined metal-

lographically. The X-ray samples were obtained

from these cross sections. An example is shown in

Fig. 2. To prepare samples for the X-ray examina-

tion, a cross section was mounted on a glass disk,

polished, and then etched to produce a thickness

of 5 to 6 mils.

Selection of Radiation. The selection of the

radiation for the analysis was important. A strong

characteristic line was used such that its wave-

length was between the absorption edges of the

two elements. In order to use Eq. (5) a second

radiation was chosen such that its wavelength was

much shorter than the absorption edge of the

heavier element.

Procedure. The standard Norelco X-ray diffrac-

tometer with associated counters and electronics

was used for the analysis. The monochromatic

X-ray beam was obtained by using a silicon single

crystal oriented such that its face was parallel to

the (HI) plane. The crystal was mounted on the

axis of the goniometer. Because the second-order

reflection of the (111) plane is not permitted, the

\/2 wavelength is not diffracted. The X-ray tube is

operated below the excitation voltage of X '3.

The apparatus for holding the sample, sht, and

traversing mechanism was similar to the one which

was constructed by J. Hilliard' at the Massachu-

setts Institute of Technology. The device was mod-
ified so that it could be mounted on the Xorelco
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Fig. 2. Al-Ni couple diffused at 600'C for 96 liouis under a pressure of 5 tons/in.

Fig. 3. Traversing mechanism mounted on goniometer
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goniometer in front of the counter, as shown in

Fig. 3. The analyzer consisted of an alignment

device, a slit, and a specimen carriage supported by
free-running ball bearings. The carriage was driven

easily by a micrometer which could be read to

0.0001 in. The slit used was approximately 0.0006 in.

wide and 0.125 in. long.

The alignment device was used to prealign the

diffusion zone with the slit. An image of the sht

was obtained on a fine-grain photographic plate

which was mounted on a specimen holder in place

of a specimen. The plate and holder were then

positioned in the ahgnment jig under a microscope

and the slit image rotated so as to line up with

the cross hairs of the microscope. A new holder was
positioned under the microscope and the sample

cemented to this so that the diffusion zone lined up
with the cross hairs. Figure 4 shows the jig and
sample carriage. Then the sample was fastened to

the carriage and the analysis begun.

In order to locate the diffusion zone, a slow-speed

synchronous motor was fastened to the micrometer

Fig. 4. Jig and sample carriage
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Fig. 5. Chart recording of X-ray transmission of copper K alphai through an ahiniinum-

nickel diffusion couple. (Approx. 5 mil thickness). Counting rate 51,200 counts sec (lull .-cale).
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Fig. 6. Working curve
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Fig. 7. Plot of nickel content across diffusion couple
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and the sample driven across the X-ray beam while

a chart recording was made. This is illustrated in

Fig. 5. Starting at one end of the diffusion zone,

the specimen was moved in increments of 0.0005 in.

across the X-ray beam using fixed count techniques

to record the intensity of the transmitted beam.

In order to use Eq. (5) it was necessary to have

the same starting point for both copper and molyb-

denum radiations. This was accomplished by ce-

menting a 1-mil tungsten wire to the pure alu-

minum section parallel to the diffusion zone. This

proved to be very satisfactory.

The measurement of h can reach 100,000 counts/

sec; therefore, the Geiger tube cannot be used

without a series of absorbing foils. A scintillation

counter with high-speed resolution and good spec-

tral efficiency is more satisfactory. However, at

counting rates above 40,000 counts/sec it again be-

comes necessary to prepare a linearity curve for

the scintillation counter.

Before starting the analysis, a working curve was

obtained by arbitrarily placing various weight frac-

tions in the right-hand side of Eq. (5) and com-

puting the left-hand value. This is shown in Fig. 6.

From the experimentally measured values of the

intensities, the left-hand side of Eq. (5) was calcu-

lated and the weight per cent for each measure-

ment was obtained from the working curve.

The final form of the data consisted of a plot of

weight percent nickel vs. distance along the couple.

This is illustrated in Fig. 7.

In order to reduce the analysis time, the calcula-

tions were programmed on a Librascope LGP-30
computer.
Results and Discussion. The only phase which

appeared in the X-ray analysis was the gamma
phase. The compositional hmits of this phase ob-

tained by X-rays agreed fairly well with the phase

diagram. The other phases did not appear because

their rate of growth was extremely slow under the

conditions employed. The beta phase was detected

microscopically but was missed by the X-rays as

it was less than 1 mil wide. Gamma nickel diffu-

sion couples heated and diffused above the eutectic

temperature revealed the existence of the delta and

epsilon phases in widths not exceeding 2/a.

There are a number of experimental difficulties

which can limit the accuracy of the X-ray analysis.

The most difficult part of the analysis is the prepa-

ration of a uniformly thick sample. This is espe-

cially troublesome where the difference in hardness

between the two elements is large. There are errors

involved in ahgnment of the diffusion couple with

the slit, errors due to impurities, mass absorption

coefficients, counting errors, and porosity. Many of

these can be minimized by using a slit length that

is as short as possible. Counting errors are usually

never greater than 1 per cent. Despite the limita-

tions, the technique has many advantages over

other methods.
Conclusions. The X-ra}^ absorption analysis

technique has been apphed to aluminum-nickel

diffusion couples. The results are in agreement with

the phase diagram as published in the literature.

This technique is well suited to the study of dif-

fusion couples. It can be used to determine con-

centration gradients, porosity in the diffusion zone,

and phase boundary hmits. The technique has the

advantage that the high-temperature phase need

not be retained, because the chemical composition

and not the phases present determines the attenua-

tion of the X-ray beam.
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DIFFUSION MEASUREMENTS BY X-RAY DIFFRACTION

Diffusion is a mixing process by random molecu-

lar motion. There are two general approaches to

diffusion problems. The first considers the amount
of material that has diffused across some bound-

ary; the second considers the spatial composition

distribution due to diffusion. X-ray diffraction

finds application in the latter approach through

composition determination via the composition

dependence of the lattic parameters. X-ray diffrac-

tion is but one of a number of available techniques

(others being: analytical chemistry, radioactive

tracers, electron microprobe, X-ray absorption,

etc.) and it has its own unique advantages and

limitations.

Diffusion studies generall}^ have as their object

the determination of the diffusivity, D. X-ray
diffraction is employed in the conventional sec-

tioning technique of diffusion couple analyses. A
diffusion couple A-B is formed as illustrated in

Fig. 1. After a diffusion-anneal for a fixed time, a

composition distribution is obtained as illustrated

in Fig. 2. For the present example of one dimen-

sional diffusion, the composition distribution is

governed by the equation

dc _ d_

dt
~

dx «:) (1)

which has a solution of the form c = c{x-/Dt),

and thus if for a given diffusion time, t, the com-

position, c, can be determined as a function of the

distance, c = c{x), it is possible to determine the

diffusivity, D. The experimental problem is thus

the accuracy of defining the composition-distance

curve. This problem can be separated into distance

resolution, ^x, and composition resolution. Ar.
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A B

Fig. 1. Diffusion-couple

Before diffusion

After diffusion

«, dis'once

Fig. 2. Diffusion-couple composition-clistanco curxo

Composition determinations at different posi-

tions along the diffusion-couple are accomplished

by successively removing thin layers and measur-

ing the lattice parameters of either the removed
layer or of the exposed surfaces. The distance reso-

lution, Aa:, is thus determined by the ability to

control and measure the removal of thin layers.

Removal is accomplished either by turning-off

with a lathe, abrasive polishing, or by chemical

etching. Layers of minimal thickness of about

0.001 cm is about the limit of existing techniques.

Thus, to define a composition-distance curve by
the sectioning technique requires that diffusion

occur in a zone at least of width 0.01 cm. The mini-

mum diffusion zone width that can be employed
determines the minimum diffusivity that can be

determined. Analysis of the solution to the dif-

fusion equation, Eq. (2), shows that this wddth is

of the order of \/Dt. Assuming a one-w^eek diffu-

sion anneal as the longest practical, we obtain

that the minimum diffusivity obtainable by the

sectioning technique is Dmin ^ 10"ii cmVsec.
Whereas the distance resolution, Ax, is intrinsic

to the sectioning technique in general, the com-
position resolution, Ac, is specific to the X-ray
difTraction method. The smallest composition dif-

ference that can be resolved is given as

Ac = Ad/(8d/8c) (2)

where

:

Ad = interplanar spacing resolution,

8d/8c = variation of the interplanar spacing

with composition.

Employing Bragg's Law% X = 2d sin 6, we obtain

where

:

Ad = minimum resolvable difference in position

of a diffraction line.

Clearly from Eq. (3), maximum resolution, Ac a

minimum, is obtained for d -^ 90°, and a strong

lattice parameter-composition variation. Con-

sidering usually obtainable diffraction conditions

we can assume A(9 = 0.1°, 0-6 = 60°, and

{l/d)bd/bc = 0.10, and employing these values in

Eq. (3) yields Ac = 1 per cent.

In addition to employment in the conventional

diffusion-couple sectioning technique. X-ray dif-

fraction has a unique application that has only

recently been exploited. To illustrate this appli-

cation, let us consider a diffusion couple in the

form of a bimetallic foil, A-B, formed for example

by successive evaporation of the two metals. For

simplicity let us assume that A and B are of the

same crystal structure, exhibit continuous solid

solubility, and that the lattice parameter-compo-

sition relation is single valued. Let us now consider

the diffraction line profile from some reflection hkl

for the transmission geometry illustrated in Fig.

3. Let us for the present also assume that the dif-

fracted radiation is perfectly monochromatic and

that there is no instrumental broadening. Then,

for each Bragg reflection hkl, each composition

l)r('sent in the foil will diffract at a unique angle

dhuic) ii"(l the intensity at each angle will be

proportional to the amount of material of the

given composition. The conversion of a diffrac-

tion-line profile into a composition-distance curve

is illustrated in Fig. 4. In Fig. 4a is presented a

histogrammatic representation of a diflfraction-line

profile. For a foil, the amount of material between

compositions c and c + Ac corresponds uniquely

to the distance between x and x + Ax, and thus

it is easily seen how the concentration-distance

Incident beam

Source

Ac cot dAe/il/d)(8d/dc), (3)

Fig. 3. Transmission geometry for X-ray diffrac-

tion-line profile diffusion analysis.
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curve of Fig. 4b can be constructed from the ideal

diffraction-line profile of Fig. 4a. The thickness of

the foil can be of the order of 0.001 cm so that a

minimum diffusivity 100 times smaller than can

be obtained by the sectioning technique should

be possible by the diffraction-line profile method.

Of course the diffracted radiation is not mono-
chromatic and instrumental broadening is always

present, but methods of correcting the experi-

mental diffraction-line profile for these aberra-

tions have been worked out and need not be con-

sidered here. The diffraction-line profile method is

not limited to foils only and it has also been ap-

plied to the problem of diffusion during sintering

of mixtures of metal powers.

In summary, X-ray diffraction has its place

alongside other methods of composition analysis

in the conventional diffusion-couple sectioning

technique. However, by the diffraction-line profile

technique. X-ray diffraction presents a unique

method for simple and rapid composition distri-

bution determination and extends the range of

minimum diffusivit3^ obtainable to about D c^

10-13 cmVsec.
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DIGITAL COMPUTERS. See Computers, Digital

DIODES. See Semiconductors,

0(C), Broqq Angle

c, composition
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(b)

Fig. 4. Conversion of an X-ray diffraction-line

profile into a composition-distance curve.

a. X-ray diffraction-line profile.

b. Composition-distance curve.

DIOPSIDE CRYSTAL STRUCTURE. See Information Theory III.

DISCRIMINATION IN X-RAY SPECTROGRAPHIC ANALYSIS

There are certain line-interference problems in

X-ray spectrographic analysis for which there are

no easy solutions. One such case occurs where the

second order reflection from a major element in-

terferes with the strongest lines of the minor or

trace element to be determined. Such is the case in

zirconium-hafnium and niobium-tantalum systems,

where hafnium and tantalum are present in trace

amounts. Such analyses are of extreme interest in

atomic energy programs where hafnium and tan-

talum are undesirable elements. Most of the work
reported here has been done with the zirconium-

hafnium system.

Chemically, the analysis of hafnium is extremely

troublesome, due to the difficulty experienced when
separating hafnium from zirconium. The emission

spectrograph also has its drawbacks, but some work
has been reported. Mortimore and Noble^ have

published some data on samples containing 0.003

Table I. Hafnium and Zircoxhm
Lines Using LiF Crystal.

Hafnium Zirconium

Line X 26' Line X
28 ^2nd
order)

La,

L/3,

Lti

1.569

1.374

1.327

1.179

45.85

39.89

38.44

34.04

Kai .786

.701

.690

46.09

40.75

40.08
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to 0.4 per cent hafnium. Blunt, Kingsbury, and

Temple^ have reported on analyses by spectro-

chemical means in the range from 0.01 to 55 per

cent HfOs . Mackintosh and Jervis^ have just re-

ported on the use of neutron-activation analysis

to obtain results on 70 ppm of hafnium. However,

about 20 hr are required for the analysis.

Previous X-ray Spectrographic Work. The

earhest X-ray spectrographic investigation was

made by Birks and Brooks* of the Naval Research

Laboratories. They investigated both the haf-

nium-zirconium and niobium-tantalum systems.

Consider the problems involved in the X-ray spec-

trographic analysis of trace amounts of hafnium

in a matrix of zirconium. The strongest line of

hafnium, the Hf Lai line, at 1.569A is coincident

with the second order Zr Kai , which is at the

equivalent of 1.572A, or a difference of 0.003 A.

The Hf Lj0i line is lost in the second order Zr

KjSo line (1.380A vs. 1.374A). The only free lines

available are the Hf L^Sa or Hf L71 , which are not

as strong as desired, as seen in Table 1.

Birks and Brooks suggested three methods for

doing the analyses

:

(A) Use fine coUimation to resolve the over-

lapping second order Zr lines.

(B) Compare the integrated intensity of an un-

resolved hafnium-zirconium doublet with a free

zirconium line.

(C) Lower the X-ray tube voltage below the

excitation potential needed to excite the K spec-

trum of zirconium (about 18 kv). Birks and Brooks

estimated the detectable limit of hafnium or tan-

talum at 0.1 per cent. It must be appreciated, how-

ever, that there has been considerable improve-

ment in instrumentation since 1950.

All of the above-mentioned methods are not

satisfactory when it becomes necessary to detect

very low percentages of hafnium or tantalum. The

use of fine coUimation or a small ''d" spacing crys-

tal such as topaz is not able to resolve 0.003A, aside

from the loss in intensity. The use of the K lines

of hafnium is a possibihty, but this requires over

fifty thousand volts excitation plus a small "d"

spacing crystal, which is not readily available.

Campbell and Carl^ used various X-ray tech-

niques on the niobium-tantalum system whereby

they were able to lower the hmit of detection of

tantalum to 0.03 per cent using an internal stand-

ard and low voltage. Mortimore, Romans, and

Tews'' also worked on the same system using an

internal standard and were able to obtain values

to 0.2 per cent tantalum. A Russian, Vainshtein^

worked on the X-ray spectrographic investigation

of the zirconium-hafnium oxides and utihzed the

second order hafnium L71 and low voltage to

analyze samples with 0.2 per cent hafnium. Wilham
D. Moak® reported on some X-ray work done at

iv..>^

Fig. 5. PhiHps 3-position spectrometer, with germanium crystal, scintillation counter, pulse-

height analyzer, and FA-60 X-ray tube.
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100 zoo

Net counts/sec.

Fig. 6. Results of analysis with spectromctfM- in

Fig. 5 of mixtures of oxides of Hf and Zr, showing

straight-line relationship between Hf content and

intensity (counts).

Fig. 7. PPM Hf vs. counts/sec. Ge crystal 50 Kv,

50 Ma Scintillation Counter + PHA.

the Knolls Laboratory, on the hafnium-zirconium

system, in which he utilized the Hf L71 line and

plotted the Hf L7i/Zr Ka ratio against percentage

composition. He investigated the range from 0.02

to 2.87 per cent hafnium. His procedure involved

dissolving the samples and evaporating the solu-

tion on a filter paper which was rotated under the

X-ray beam. Total time for analysis was about two

hours per sample.

In addition to the techniques mentioned previ-

ously, it is possible to use the scintillation or pro-

portional counter, and a pulse height analyzer, to

eliminate the second order reflections. However,

due to the strong intensity of these second order

lines (which may reach 40,000 c/s), and poor line-

arity of the pulse height analyzer, it is not possible

to eliminate them entirely.

Experimental Results. The ''novel" approach to

discrimination which is particularly applicable in

this case, is the use of an analyzing crystal which

is cut so that its face is parallel to a plane which

does not permit a second order reflection. Crystals

such as germanium and silicon cut parallel to their

(HI) planes are satisfactory for this purpose. The

following charts illustrate the spectrum of the lines

using hthium fluoride and germanium crystals

(Figs. 1,2, 3, 4).

A comparison of crystals was made by William

Kiley^ at Philips Electronics. He found that ger-

manium gave approximately 50 per cent intensity

for the Ni Ka line, compared to lithium fluoride.

The silicon in turn had about 75 per cent the in-

tensity of germanium for the same wave length.

On the other hand, the half-width of silicon is

about 0.2° 2e, as compared to 0.3 26 for germanium

and lithium fluoride. Kiley also reports that silicon

gives a lower background than germanium. In ad-

dition, the larger "d" spacings of siUcon and ger-

manium, as compared to lithium fluoride, should

be considered in this type of apphcation.

Losing a germanium crystal, scintillation counter,

a pulse height analyzer to lower the background,

the Philips three-position spectrometer, an FA-60

tube, and other standard equipment, some samples

of oxides of hafnium and zirconium were examined

by the above technique. Fig. 5 shows the instru-

mental setup employed. Figs. 6 and 7 illustrate

the straight-line relationships obtained. No sample

])r(^paration was used. A large number of counts

were taken to establish sufficient precision.

Conclusion. The use of special crystals such as

germanium or silicon offers another method of

dealing with interferences from second order lines

in X-ray spectroscopy.
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Fig. 1. X-Ray diffraction extinction contrast microtopograph

steel compressor blades significantly improves

their corrosion fatigue strength. To explain this

effect, an hypothesis was formulated which states

that under some conditions, magnetic flux influ-

ences the movement of dislocations within the

grains of a ferromagnetic material, causing a pref-

erential migration to the boundaries. The project

reported here was designed to test this hypothesis

by developing a suitable technique for observing

the movement of dislocations in nickel foil when
it is subjected to magnetic flux.

In order to observe the dislocations, the phe-

nomenon of X-ray diffraction extinction contrast

was used as the basis for the design of a geo-

metrical arrangement of source, collimator, sam-
ple, and photographic plate. The arrangement was
novel in that simple apparatus was used to make
a rapid topographical survey of a relatively large

number of areas of the sample simultaneously.

The experiments performed showed a definite

change in imperfection structure influenced by
the imposition of magnetic flux on the sample.

Results. Observation of Dislocations. The phe-

nomenon of X-ray diffraction extinction contrast

has been applied successfully in developing the

technique used for this project. This technique

was used to survey polycrystalline nickel foil sam-

ples with extremely simple apparatus to record

the details of their imperfection structure. An X-
ray diffraction extinction contrast microtopograph

is shown in Fig. 1. The magnification is approxi-

mately lOOOX. The outlme of the grain is easily

traced—several areas of severe distortion are

clearly visible, and several dislocation lines can

be traced as they meander through the grain.

Two other internal topographs are shown at

approximately 500X magnification in Fig. 2. Vari-

ous imperfection details as well as grain bound-

aries are also readily distinguishable in these pat-

terns.

Magnetic Influence. The change in the imper-

fection structure of nickel foil, which occurs when

a magnetic field is applied to the sample, is evi-

dent from an examination of the four exposures

shown in Fig. 3. After the first two exposures, the

sample was subjected to a magnetic field in the
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direction indicated by the arrow marked "i7" in

the picture. Evidence of the change is found by

comparison of the details of the structure in the

four images of the pattern. Each image represents

one exposure of the nickel foil to X-rays under

conditions favorable to the registration of extinc-

tion contrast in a diffracted beam. After each ex-

posure, the photographic plate was translated in

its own plane through a distance of about 200

microns.

The images produced by the first two exposures

show the high degree of reproducibility of detail

within the pattern. The changes brought about by
application of the magnetic field to the sample

are seen when the images produced by the first

two exposures are compared with the images pro-

duced by the third and fourth exposures. The re-

producibility of the structural detail after mag-
netization is seen when the images produced by
the third and fourth exposures are compared. It is

of interest to note that the similarity between the

third and fourth images is marked, but not so

complete as the similarity between the first and

second images. This is explained by the fact that

there was a lapse of about sixteen hours between

the last two exposures. Thermal vibrations of the

crystalline lattice are known to cause some re-

arrangement of dislocations. It is significant that

the changes brought about by the magnetization

are far more prominent. The magnetic field used

in this experiment produced a measured induction

of 10^ gauss. It was applied in 20-sec cycles: 5

sec +, 5 sec off, 5 sec — , 5 sec off; fifty such cycles

were applied.

In Fig. 4, the patterns of Fig. 3 are compared

with patterns from other regions of the same sam-

ple in which another effect was observed. Part A
of Fig. 4 is reproduced from a region where mag-

netization caused a shght rotational reorientation

of the foil sample which caused the grain or sub-

grain responsible for the observed pattern to turn

away from the alignment required for satisfying

the Bragg conditions for diffraction. This mis-

alignment need be only a few seconds of arc. The
effect in a region where a sHght rotational re-

orientation of the sample caused a grain or sub-

grain to turn into the alignment required for

satisfying the Bragg conditions is show^n in Part C
of Fig. 4. Comparison of Part B with Parts A and

C of Fig. 4 shows how the effect of dislocation

movement is different: the image of the grain or

subgrain as a whole remains intact; only the fine

detail is changed. The areas of greater diffraction

intensity are areas where the degree of imperfec-

tion is greater than in their immediate surround-

ings. X-ray diffraction extinction contrast makes

these details observable. The imperfections are

interpreted as dislocations in the crystalline lat-

tice of the grains of the sample. The change in

imperfection structure which is stimulated by mag-

netic flux is definite though subtle. The changes

observed in the fine structure of the X-ray diffrac-

tion extinction contrast patterns are significant.

Background, The existence of an influence of

Fig. 2. Transmission X-ray diffraction internal

topograph.
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Fig. 3. Magnetically induced change in imperfection structure of nickel foil

SCALE lOQ jJL \
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Fig. 4. Effects of magnetism on the X-ray diffraction patterns of nickel foil

magnetic fields on the migration of dislocations

was first presented as an hypothesis by J. D. Col-

lins^ which explained the results of an experiment

performed in the Allison Testing Laboratory.

The experiment reported in a Test Section In-

formal Report^ involved measurement of the cor-

rosion fatigue strength of magnetized (to satura-

tion) and unmagnetized compressor blades made
of "Type 403" stainless steel. The average corro-

sion fatigue strength increased by 56 per cent ; the

average life-to-failure increased by 357 per cent.

If it is assumed that corrosion fatigue cracks
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originate preferentially at sites where dislocations

intersect the surface of the blades, then corrosion

fatigue strength should be increased by any proc-

ess which would reduce the number of such sites.

To explain the results of the experiment, the hy-

pothesis is made that magnetization causes a pref-

erential migration of dislocations to grain bound-

aries. The present investigation has added a direct

observation of magnetically influenced motion of

dislocations to the other information which tends

to substantiate the hypothesis.

Previous work on the interaction of magnetism

with dislocations has been confined to investiga-

tions of the effect of dislocations on the magnetic

properties of materials. The first report was by

Brown in 1941.^ He found that dislocations affect

the saturation magnetization. More recently,

Kneller and Schmelzer* have reported effects of

dislocations on coercive force. They interpret the

cause of increase in coercive force, which accom-

panies plastic deformation, to be the result of

magnetization of the internal stress fields caused

by dislocations.

Instrumental. Mask-Collituator X-ray Diffrac-

tion Arrangement. Tlie geometrical arrangement

used for the sample, photographic plate, and X-
ray beam is shown schematically in Fig. 5. The
mask-colhmator (lead shield) was used to select

portions of a relatively broad, divergent X-ray

beam to make an internal topographical survey

of the sample, which has been 25-micron thick

nickel foil in these experiments. With a single ex-

posure, patterns were registered from approxi-

mately 25 areas of 1.6-mm diameter each—a total

area of about 45 mm'—all within a region with

an area of about 300 mm". X-ray extinction con-

trast makes the topographical features visible in

the patterns, which are registered on photographic

plates that are examined with a microscope at 100

to 400 X magnification.

The only apparatus required beyond a conven-

tional microfocus X-ray diffraction unit was the

mask-collimator—a piece of Vs-in. thick lead sheet

through which about forty 1/16-in. diameter holes

were drilled in a somewhat random pattern. The

axes of the holes were parallel to each other and

inclined toward the plane of the sheet at an angle

of 45 degrees. The angle was selected so that the

diffracted beams of copper K-alpha radiation from

{ill} planes in the sample of nickel foil would

strike the photographic emulsion at nearly normal

incidence. The function of the mask-collimator

was to mask out regions of the incident beam so

that the diffracted beams could be recorded, and

to limit the divergence of each portion of the in-

cident beam that is used.

Different magnifications of a typical X-ray rec-

ord on the photographic plate are shown in Fig.

6. In Part A of Fig. 6 there is httle magnification.

The dark spots are images of the incident beam
after it has passed through the holes in the "mask-

collimator." A 25X enlargement of the diffracted

beams that are recorded from the vicinity of the

spot marked with an arrow in Part A is shown in

Part B. A 400 X magnification of the texture of

the diffracted beam that is indicated by an arrow

in Part B is shown in Part C. This texture shows

the effects of extinction contrast.

The source of X-radiation is a copper target in

a Hilger Microfocus X-ray diffraction unit op-

erated at 0.3 ma and 45 kv for exposure times of

1.3 hours. The bias control is set for optimum
conditions of saturation, and the focal spot has a

diameter of about 40 microns. Kodak High Reso-

lution photographic plates are used to record the

diffraction patterns.

The mask-collimator arrangement resembles

two other X-ray diffraction topographical methods

which are also based on the phenomenon of

extinction contrast (see Topography). The
HK^hod described by Lang^ involves an arrange-

ment in which the sample is mounted for sym-

metrical transmission. Lang's method was derived

for the observation of dislocations in relatively

small thin crystals. Conversely, Newkirk used a

reflection arrangement to observe dislocations by

MAIN BEAM IMAGE

DIFFRACTED BEAM IMAGE

-20 mm-

1/16" DIA HOLE
LEAD SHIELD
—THE "MASK-COLLIMATOR"

-140 mm '

SAMPLE

PHOTO PLATE

PHOTO
PLATESOURCE 3mm

APERTURE

Fig. 5. Microbeam X-ray diffraction topographical survey technique schematic layout
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Fig. 6. Mask collimator patterns

means of conditions based on the classical Berg-

Barrett techniciue.''

Features in which the mask-collimator arrange-

ment resembles Lang's method more than New-
kirk's are the normal incidence of the diffracted

X-ray beams on the photographic emulsion, the

low angle of divergence of the parts of the inci-

dent X-ray beam that are actually used, and the

fact that a transmitted beam is used. However,
the use of a polycrystalline sample, the close spac-

ing between the sample and the photographic

emulsion, and the total breadth of the incident

X-ray beam are features in which the mask-col-

limator arrangement resembles the Newkirk and
Berg-Barrett methods more than Lang's.

Although the projection modification of Lang's

method^ gives a complete, detailed picture of the

dislocation structure of a contiguous area of some
100 mm", a pattern from an area significantly

greater than 1 mm^ cannot be recorded during a

single exposure without an elaborate apparatus.

The Newkirk reflection method does not require

such elaborate apparatus, but the useful penetra-

tion of the X-ray beam is significantly more lim-

ited than is the case with transmission, and the

diffracted beams do not strike the photographic

emulsion at nearly normal incidence, which is im-

portant in reducing distortion in the image.

The method is most readily applied to samples
in which the grain diameters in the foil are in the

range of 100 to 500 microns. The holes in the

mask-collimator are arranged with approximate
symmetry within an area of 20- to 25-mm diam-
eter.

The mask-collimator technique was designed to

meet the need for a survey method. The need
arises from the nature of the samples used in this

project. In each sample of about 500 mm^, there is

room for 50,000 grains with diameters of 100 mi-

crons, if the grains are considered to be square. If

the grains are circular or hexagonal, there would

be room for more. If the grains have diameters

of 500 microns, there is room for more than 1000.

In any case, there are far too many to make a

study of each grain possible, even to find the ones

that are favorably oriented for topographical in-

vestigation. The proposed microscope X-ray cam-
era, discussed later, would make it possible to

select nearly any grain, determine its orientation,

and then reorient the sample to bring the grain

into an orientation suitable for further investiga-

tion. The value of the survey method being used

is evident from these considerations because with

the simplest apparatus it makes a rapid survey

possible.

The function of the mask-collimator, the perfo-

rated lead shield in Fig. 5, is evident. The image
of each portion of the undiffracted beam on the

photographic plate is an ellipse, and the images

of the diffracted beams from any one of the por-

tions of the undiffracted beam fall in an area

which is an ellipse whose position is translated

from the location of the undiffracted beam in the

plane of the sample. These relationships are read-

ily followed by reference to Fig. 6. Resolution is

attained by the close spacing between the sample

and the photographic plate. They are placed so

close that there is some overlapping between the

undiffracted beam and the diffracted beams. This

gcomctr}^ gives a resolution that is in the order of

magnitude of the capability of the photographic

emulsion^better than 1000 lines per millimeter.

Distortion of the pattern is reduced to a mini-

mum by arranging for nearly normal incidence of
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the diffracted beams on the photographic plate.

The diffraction pattern for each surveyed area

consists of spots from any of the grains that are

in diffracting positions. The patterns shown in

Figs. 1, 2, 3, 4, and Parts B and C of Fig. 6 are

magnified portions of diffraction spots. The fea-

tures of interest are the variations in diffracted

intensity from point-to-point in each spot. It is

these variations that are the result of varying

perfection in the crystalline lattice of the diffract-

ing grains.

The mask-collimator survey technique involves

a survey in which the total region covered is ir-

radiated by a beam with an angle of incidence

ranging from 41 to 49 degrees. For each irradiated

spot, the total beam divergence is only 0.5 degree.

For copper K-alpha radiation diffracted by the

{ 111} planes of nickel, the Bragg angle is 22.3 de-

grees. The diffraction angle of 44.6 degrees added

to the incident angle of 45 degrees makes the

emergent diffracted beam leave the foil sample

and strike the photographic emulsion at an angle

almost equal to 90 degrees. The divergence of the

incident beam is about 4 degrees in each direction

from the center of the beam so that the diffracted

beams from grains near the periphery of the sur-

vey region would emerge from the sample and

impinge on the photographic plate at angles rang-

ing from 85 to 93 degrees. The diffracting planes

near the center of the sample make an angle of

67 degrees with the surface, and at the periphery

of the survey region they make angles ranging

from 63 to 71 degrees.

Under idealized conditions in which the grains

are regular hexagons with minor diameters of 500

microns, the 1.5-mm holes in the mask-collimator

would allow a beam of cross section sufficient to

irradiate portions of 13 grains which would be in

eluded in each survey area. Thus, since there are

about twenty holes in the survey region, a total

of about 260 grains would be irradiated in each ex-

posure.

Microscope X-ray Diffraction Camera. Con-

siderations previously mentioned concerning the

operation and limitations of X-ray diffraction ex-

tinction contrast as a basis for observation of dis-

locations led to the design and preliminary

mock-up of an experimental arrangement, desig-

nated the "Microscope X-ray Diffraction Cam-
era," which is shown in Fig. 7. This apparatus was

designed so that a portion of a foil sample could

be selected for irradiation by examination under

the microscope, and then placed in the incident

beam from the microfocus unit and a diffraction

pattern recorded. Additional features made it pos-

sible to change the orientation around the beam

axis. The design for the camera included addi-

tional rotations and translations to make possible

the recording of a series of section topographs

according to Lang's original method.^

Unique features of the mock-up model of the

microscope X-ray diffraction camera provide for

an aperture to replace the second objective on a

microscope with a double nosepiece, and for a

two-dimensional mechanical stage to be mounted

on top of a rotating stage.

The microscope is used with the vertical illu-

minator to find a grain of suitable size, and, by

means of the mechanical stage, this grain is placed

in the center of the field. The eyepiece and the

Fig. 7. Microscope X-ray diffraction camera
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mirror for the vertical illuminator are then re-

moved, the nosepiece is rotated so that the aper-

ture replaces the conventional objective, and the

microscope is tilted back to the horizontal posi-

tion. The X-ray beam is then passed down the

axis of the microscope onto the portion of the

sample selected for irradiation. The diffraction

pattern is recorded on a photographic plate

mounted on a support beyond the stage through

the hole originally placed for substage illumina-

tion of samples.

Magnet, The magnet used is of conventional

design and is shown in Fig. 8. The core is of soft

iron with a 1-in. sq cross section (a 1-in. diameter

circle where it passes through the solenoid) and

a 1-in. gap. The solenoid is of the type used to

operate a solenoid valve at 115 v a.c. Power was

supplied and controlled through a variable auto-

transformer from the 115-v a.c. line. For d.c. op-

eration, the output from the autotransformer was
passed through a bridge of silicon diodes and a

reversing switch. With a gaussmeter, the flux in

the gap was found to be lO'' gauss. The core was

so designed at the gap that jaws were provided in

which the foil samples could be clamped directly

so that a good magnetic path would be available.

Since the saturation of thin nickel is 500 gauss,^''

it is assumed that the samples were magnetized to

saturation.

Stretching Frame, In order to make it possible

to follow the changes in imperfection structure of

a sample as it is subjected to mechanical distor-

tion, a stretching frame was constructed, as shown
in Fig. 9. In this frame, the foil is clamped into

the jaws and subjected to varying amounts of

distortion, as indicated by the reading on the

micrometer screw. The effects on X-ray patterns

are shown in Fig. 10. This serves as a prehminary
confirmation that dislocations are significant fac-

tors in the production of the patterns.

Following the changes in pattern type through

the four parts of Fig. 10 makes it evident that the

blackening of a grain image becomes uniform

after passing through a stage in which streaks

related to the direction of stretching are observed.

The pattern in Part A of Fig. 10 is typical of the

grains before stretching. The primary distortions

are at the boundaries and some regions within. In

Part B of Fig. 10, the prominence of linearly

ahgned distortions within the grain is observed

and the boundaries are no longer delineated. (Un-

der these conditions, dislocations might be ex-

pected to become aligned.) In Part C, further

distortion of the grain has brought about a lack

of extinction contrast between the dislocation

hues and the surrounding regions in the grain.

Finally, in Part D, the grain has broken into sev-

eral independent fragments which can no longer

be identified as part of the original grain because

there is nothing to differentiate them from other

smaller grains or fragments of other grains which

were originally larger. This represents an elonga-

tion of 2 X 10"^. Diffraction effects typical of se-

verely distorted material—small grains with highly

preferred orientation and/or highly strained

grains—are evident. Microscopic examination of

samples stretched to this extent reveals the pres-

ence of sliplines at random locations in the sam-

ple.

These data are described as preliminarj' con-

firmation because it is not possible at the present

time to follow the course of events in a selected

grain. The patterns are all from the same sample

at successive stages of distortion, but are not nec-

essarily all from the same area of the sample.

Furthermore, each pattern is typical of the re-

spective degree of distortion and is not the only

type observed.

Experimental. Sample Preparations. Success

in preparation of suitable samples for the required

Fig. 8. Magnet sample folder for foil sample
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Fig. 9. Stretching frame for foil sample; mask-collimalor diffraclion 1(>chm(iue

investigations was achie\-e(l l)y an apiMo.-uli that

puts the operations in a different order from that

originally tried: the grain size is d(nelo])ed first,

and the thickness is established as a second step.

After material with the desired grain size is ob-

tained, the thickness is reduced by solution ma-

chining, a process originally developed at General

Motors Research Laboratories, and applied to the

particular conditions of this problem at the Alli-

son Research Laboratory. The starting material is

500-micron thick nickel sheet electroformed by a

method also developed by General Motors Re-

search Laboratories and applied by the Allison

Process Engineering Laboratory."' ^-' ^^ This pro-

cedure was tried after many experiments were

performed in an attempt to prepare samples with

sufficiently large grain diameters in sufficiently

thin foils. The minimum grain diameter is dic-

tated by the resolution readily attainable by the

available X-ray methods. The maximum thickness

is limited by the absorption characteristics of the

X-rays.

A variety of experiments was conducted to find

conditions under which nickel foil about 25 mi-

crons thick could be treated so that the grains

would have diameters in the range of 100 to 500

microns. It was, of course, necessary to use a

vacvumi furnace for the heat treatments. Time
periods up to four hours and temperatures up to

1370°C were tried. The largest grains obtained had

diameters of about 100 microns. This size was not

consistent within any run nor within any sample.

Several batches of starting material were used.

The extent of the experiments is indicated in

Tal)le 1, in which a representative sampling of

the experimental conditions is given.

Only two of the grain growth experiments were

successful in producing grains in the desired range

of sizes. In the first of these experiments (not

listed in Table 1), the furnace went out of control

and there was evidence that the foil came close

to its melting point (1455°C). In the second (the

last experiment given m Table 1), the material

was of a thickness in the range of the desired grain

diameters, and these conditions provided the basis

for the method now being used : 500-micron thick

electroformed material is annealed to promote

growth of grains to the desired size, and then is

solution machined to a thickness of 25 microns.

Some preliminary experiments as well as infor-

mation in the literature indicated that strain an-

nealing of 25-micron thick stock would be a satis-

factory method of sample preparation. Work was

not carried further because a sufficient supply of

sample material was already on hand from the

process previously used.

The application of the solution machining proc-

ess to the reciuirements of this problem led to the

following conditions under which the 500-micron

thick electroformed nickel sheet could be repro-

ducibly reduced in thickness to the range of 15 to

50 microns.

Solution

100 ml Ferric Chloride, Photoengraver's Grade
(42° Baume)

150 ml Nitric Acid, Technical Grade

(70%, sp gr 1.42)

50 ml Water
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Fig 10 Transmission X-rav diffraction internal topograph showing effects of stretching
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Table 1. Typical Nickel Grain
Growth Experiments.

Thick- Tem- Time Results—Grain
Material

ness
(Mi-
crons)

ture
(Min-
utes)

Diameter
(Microns)

Electroformed 25 1050 15 1 to 5

Wrought- 25 1050 15 10 to 20

annealed
Electroformed 25 1200 240 10

Wrought- 25 1315 60 10 to 100

annealed
Wrought-reduced 25 1370 20 10 to 100

50%
Wrought

-

25 870 15 10 to 100

annealed 1315 60

Wrought-reduced 25 870 15 10 to 100

50% 1370 15

Electroformed 500 1200 30 100 to 500

When the nickel sheet is dipped in this solu-

tion at a temperature of 50 to 55°C, the surface

of the material is dissolved at a rate of 50 to 125

microns per minute. For final adjustment of thick-

ness, a temperature of 35 to 40°C can be used in

which the rate of removal will be about one-half

that of the original conditions.

Action is stopped bj^ withdrawal of the material

and immediate rinsing with water. If a surface

etch is desired which will make the grain bound-

aries visible, the sample may be dipped in the

original 50°C solution and withdrawn, then held

for a few seconds before being rinsed.

Observations, Changes in imperfection struc-

ture of the nickel foil were observed by examina-

tion of internal topographs prepared bj' the pre-

viously described mask-collimator technique. The
topographs were prepared prior to and subsequent

to imposition of magnetic flux on the samples as

illustrated in Fig. 3. In each case, the sample was
mounted in the magnet, as illustrated in Fig. 9.

In this way it was ensured that anj^ change in

X-ray pattern would be due to factors other than

change in position of the sample between expo-

sures. In order to ensure further that exposure

conditions were held constant, the same photo-

graphic plate was used for each series of expo-

sures, and was translated between exposures

through a distance of 100 to 500 microns by means
of the micrometer screw visible in Fig. 8. It was
possible in some experiments to make as many as

four exposures, such as the patterns shown in Fig.

3. This gave evidence of reproducibility as well as

of change due to imposition of the magnetic field.

In other cases, only two or three exposures were

made, but in all cases, magnetic flux was imposed
after at least one exposure to X-rays.

The magnetic flux was imposed on the samples

by a variety of plans. All plans gave some evi-

dence of change in the imperfection structure with

magnetic treatment, but in some cases the nature

of the change would allow doubts concerning its

significance. These experiments were carried out

concurrently with development of the details of

the mask-colhmator technique and with develop-

ment of the arrangements for satisfactory mount-

ing of the photographic plate for translations be-

tween exposures. Therefore, the variations in

experimental conditions made it impossible to

draw conclusions concerning the comparative ef-

fectiveness of the plans of magnetic treatment.

Additional experiments would make it possible to

establish the significance of the observations and

to investigate the correlation between plans of

magnetization and effectiveness.

The microstructure of the nickel foil was ob-

served by examination of modified Debye-

Scherrer X-ray patterns which had been prepared

in a conventional manner. These patterns re-

vealed that the material was composed of grains

with diameters greater than 10 microns.

Summary. The mask-colhmator technique, a

modification of the Lang internal topographic

technique, successfully reveals dislocations in

nickel foil.

Application of cyclic and directional magnetic

fields to nickel foil samples causes a change in the

imperfection structure, presumed to include dis-

location movements, as revealed by preparation

of modified Lang X-ray exposures prior to and

subsequent to exposure of the samples to mag-

netic flux.

It is possible, if not probable, that magneto-

strictive forces were dominant in effecting the

changes in imperfection structure that w^ere ob-

served. This could be further elucidated by a dis-

location mobility calculation. However, since the

practical difficulties are insurmountable at pres-

ent, it would be appropriate to set up an analj'ti-

cal expression for anticipating distortions in a

simple configuration of grains and then test the

expression with experiments using the method of

X-ray diffraction internal topography to follow

the changes induced.
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DISLOCATION STUDIES. See Topography, X-Ray Studies.

DISLOCATIONS. See Silver Halides.

DISORDERED LATTICES: X-RAY-DIFFRACTION EFFECTS

Substance X-ray Effect

Loose aggregates of Low-angle scattering

molecules with free

space

Densely packed mole- Diffuse halo

cules

Small particles Line broadening

Needle- or platelike Selective line broaden-

crystals, small dimen- ing

sions below 1500A
Layer lattices, random Unsymmetrical line

lattices shape

Lattice expansion or Line shift

shrinkage

Variations of lattice Line broadening in-

constants creasing with diffrac-

tion angle

Admixture of amor- Increased background

phous material scattering, decreased

intensities of all re-

flections

F. SCHOSSBERGER

DISPERSING DEVICES (POSSIBLE ORGANIC COMPOUNDS)

FOR LONG WAVELENGTH X-RAYS

Although the region of the X-ray spectrum be-

tween 15 and 60A is of considerable interest to

solid-state spectroscopists, it is beset with ex-

perimental difficulties that make routine measure-

ments in this spectral region almost impossible.

Nearly all of the problems of this region arise

primarily because of the high absorptivity of X-

rays of long wavelength. Excitation, detection, and

dispersion problems plague the worker in this

region. Normally, vacuum considerations can be

worked out to alleviate absorption problems and

radiation may be obtained either from primary

excitation using electrons or secondary excitation

using a soft X-ray source. Further, recent work^

on detection systems indicates that a flow counter

with a thin cellulose nitrate window is quite effi-

cient at wavelengths near 50A. A windowless mag-

netic strip amplifier made by Bendix^ shows

promise for use in this region but is not energy

dependent, thus making pulse height analysis

impossible using this detector.^

As yet, however, no straightforward solution

has appeared to solve the dispersion problem. A
concave grating has been used* but in this region

the energy resolving power is quite small. Karls-

son reports the use of some aliphatic acids and

some lead salts .^ Although most of the organic

acids, hydrocarbons, etc., that have been con-

sidered have sufficiently large interplanar or pack-

ing distances to disperse X-rays in this region (d

value at least one-half of wavelength to be meas-

ured), they usually suffer from poor mechanical

properties, low melting point, and high vapor

pressure. In order to be of any use most of these

crystals must be cooled to retain a stable con-

figuration under vacuum. The desired objective

would be to retain the large spacing and preferred

orientation (001) properties of long-chain ali-

phatics while increasing the melting point and

enhancing mechanical properties.

Formation of metal salts of aliphatic and aro-

matic acids appears to fulfill the objectives of

orientable large crystal spacings and relatively

high melting point. The purpose of this paper is

to survey some of the possible compounds which

may show promise for use as dispersing elements

for long wavelength X-rays, either as single crys-

tals or as polycrystalline oriented films.

ExperimentaL Preparation of Salts, Metal

salts of saturated fatty acids are exceedingly easy

to prepare and msiy be prepared from a number
of starting metal compounds. The easiest reac-

tion and one least likely to introduce impurities

is the direct reaction of acid and metal to form

the metal salt plus hydrogen. The product is pure

and need onl}- be washed with an organic solvent

such as acetone to remove excess acid if present.

The reaction may be carried out at room tem-

perature with liquid acids (up to Cio , decanoic)

and with only sufficient heat to melt the acids for

the solid members. Naturally the reaction is ac-

celerated with moderate heating of the mixture

even when liquid acids are used. Another method
of preparation that was used when larger quan-

tities were desired or when pure metals were not

available was the reaction of a metal acetate with

a saturated acid to form a metal salt plus acetic

acid. Since nearly all of the sahs are insoluble in

water, the acetic acid may be removed easily by

washing or it may be volatilized by heating.

Metal hydroxides plus the acid make another use-
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Table 1. Long Spacings and Melting Points

FOR Lead Salts of ii-Fatty Acids.

Compound* Spacing, A
Approx.
M.P., °C

Pb-Ce 20.42 72

Pb-C7 23.11 84

Pb-Cs 25.57 102

Pb-C9 27.55, 28.30 105

Pb-Cio 30.00, 30.69 106

* Notation Cn will be used throughout paper and refers to

the total number of carbon atoms in the compound. The com-

plete formula for these compounds is M(CiiH2n-i02)2.

ful preparation with only water formed in addi-

tion to the salt. Some metal chlorides, bromides,

and carbonates also give the desired product, with

easily removed by-products. Thallium salts were

prepared from thallous bromide.

Apparatus, The Philips* diffraetometer was

used to record diffraction patterns of the long

chain metaUic salts. Beam defining slits of from

1/6 to r were used, according to the angular re-

gion being scanned and the degree of resolution

desired. Nickel filtered copper radiation was used

along with a scintillation counter detector. Pulse

height analysis was not employed. The diffrae-

tometer was aligned using first a silicon standard

and then the spacings were checked from a tliin

film of the stable form of stearic acid. The align-

ment was also checked using the 33 .6A line of

cholesterol as suggested by Kittrick.*' Although

the diffraetometer was well aligned at low angles,

long spacings were calculated from an average of

the highest orders recorded. In some cases as

many as 21 orders were observed. Samples were

prepared by grinding the salts in a mortar and

placing them on a ground glass slide. In addition,

some long spacings were measured by melting the

salt on a ground-glass slide. It was found that a

ground-glass base enhanced preferred orientation

in the long spacing direction and gave a more
uniform layer of salt. This technique was fol-

lowed with the same effect by Ohlberg^ in a study

on long chain paraffins.

Melting and freezing points were taken on a

Fisher-Johns melting point apparatus under a bi-

nocular microscope.

Discussion and Results. Long chain organo

metallics have several advantages over pure hy-

drocarbons in consideration for use as long wave
X-ray dispersing devices. First, the insertion of a

metal in the lattice should increase the scattering

power of the crystal. Perhaps the greatest scatter-

ing power could be gained from a monovalent
metallic ion in the lattice but few heavy mono-
valent metals exist. Second, the melting point of

the metal salt is much higher than the acid or

the corresponding hydrocarbon. Third, and prob-

ably most important, is the greater over-all sta-

bility of the metal salt.

With the advantage of added scattering power

in mind, long chain salts of a heavy metal, lead,

were prepared. Lead salts are among the easiest

to prepare from the metal itself and give intense

diffracted reflections. Melting points range from

72°C for lead hexanoate (Ce) up to about 106°C

for lead decanoate (Cio). Although these melting

points are relatively low they are considerably

better than pure hydrocarbons of the same spac-

ings. Table 1 lists some of the lead salts prepared

along with their spacings. The long spacings in

Table 1 agree fairlv well with film work done by

Trillat.'

Spacings shown in Table 1 are those formed at

room temperature. Polymorphism is quite preva-

lent in lead soaps® and up to four other spacings

than those given can result when the reaction is

carried out at higher temperatures or the room
temperature phase is melted. Because of this

tendency toward forming more than one phase,

melting and solidification points are difficult to

observe and therefore are reported only approxi-

matelv.

C7-Pb

* Philips Electronics, Inc.

York.
Mount Vernon, New Fig. 1. Polymorphic tendencies in lead salts of

carboxylic acids.
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Figure 1 shows diffractometer traces which de-

pict three different polymorphic tendencies in

lead salts. In the top trace lead heptanoate shows

the formation of two new phases upon heating to

the melting point. In the next pattern, lead oc-

tanoate forms one new phase in addition to the

original form. In the bottom pattern two com-

pletely new forms of lead nonanoate are formed

in place of the original two phases present in the

sample as precipitated from solution. From these

traces it can be seen that a polymorphic series

such as lead salts would be rather difficult to use

as dispersing devices for long wave X-rays.

Copper salts of the same acids used with lead,

hexanoic through decanoic, were prepared and

gave long spacings ranging from 17.OA for Cu-Ce

to 27 .7A for Cu-do . The compounds form a

homologous series since the long spacing can be

plotted against the number of carbon atoms pres-

ent giving a resultant straight line. Melting points

are higher than in lead salts. However, the copper

salts are more difficult to prepare and crystalhze

and have a tendency to hydrate. Over-all physical

and chemical properties of copper salts are not

favorable for use as dispersing devices. It is pos-

sible, however, that salts or soaps of higher acids

(Ci2 to Cis), with melting points of about 110 to

125°C, could be used as dispersing elements. This

series was not investigated since predicted spac-

ings for these compounds were larger than was
desired for the region 15 to 60A.

Uranyl salts, formed from uranyl acetate, are

among the most promising compounds prepared.

Table 2 shows a representative group of these

compounds, along with the long spacings and
melting points.

These salts are easily prepared, are c^uite stable

and do not hydrate, and as can be seen from
Table 2, have very high melting points. Uranyl
octadecanoate, although having a spacing larger

than necessary for the spectral region of interest,

is included in Table 2 especially to show the sharp

dechne in the melting point curve as carbon atoms
are added.

Zinc salts of saturated fatty acids also showed
promise for use as analyzing devices for long

wave X-rays. Zinc salts were prepared with ease

from both the metal and the acetate and showed
good stability and resistance to hydration. The
zinc salts were found to be polymorphic, but not

nearly to the degree that lead salts were. Table 3

lists Zn salts of the same acids shown for lead,

along with long spacings (room temperature, and
after melting), and melting points. These salts,

along with most of the others prepared, could be

Table 2. Long Spacings and Melting Points of
Some Long-Chain Uranyl Compounds.

Compound Long Spacing Melting Point, °C

Table 3. Long Spacings and Melting Points

FOR Some Zinc Salts of n-FATTY Acids.

UOo-Ce 14.60 >243
UO2-C8 19.13 222

UO2-C9 21.75 207

UOo-Cis 37.80 118

Compound Long Spacing,
T.R., A

Long Spacing t^T P °C
after Melt., A '^^•^•'

Zn-Ce
Zn-C7
Zn-Cs
Zn-Cg
Zn-Cio

16.08

18.45

20.85

23.33

25.02

16.31

18.60

No change

No change
25.84

144

139

136

131

137

Table 4. Long Spacings and Melting Points

FOR Some Thallium Salts

OF n-FATTY Acids.

Compound Long Spacing, A M.P.

Tl-Cic 29.92 46°

TI-C12 30.54 126°

TI-C16 39.22 100°

TI-C18 40.75 112°

oriented by working, melting, or depositing from

solution on a suitable substrate, so that no re-

flections due to side spacings could be recorded.

Salts of a monovalent metal, thallium, were

prepared and found to be quite useful in the re-

gion of interest. However, Ce to C9 homologs

were difficult to prepare and even when they were

successfully prepared, they did not have adequate

physical properties. Table 4 shows data for the

thallous salts which were successfully prepared

and which showed good physical properties.

A plot of long spacing data for thallous com-

pounds does not result in a straight line as in

other metal salts of aliphatic acids, indicating

either polymorphic tendencies or abrupt changes

in mode of crystallization from member to mem-
ber in the series.

Many other metal salts or soaps were prepared,

some of which were very satisfactory. Sodium,

potassium, hthium and calcium form high melting

compounds which give strong, long spacing re-

flections. However, as would be expected these

compounds were soaplike; softening before melt-

ing and difficult to crystalhze as single crystals.

Some salts were prepared which appear to be

useless for dispersing crystals. Among these are

salts of iron, cobalt, nickel, and magnesium which

either hydrate badly or form an amorphous glass.

Bismuth and manganese form salts which have

liigli melting points but which do not crystalhze

or order to a great degree. Silver salts probably

should be of use and long spacings for a complete

set of compounds may be found in a paper con-

cerning the identification of aliphatic acids by

the formation of silver salts.'° Other compounds

such as substituted ferrocenes" and long chain

urea compounds are also being o\-alnated for use

as dispersing devices.

Producing Crystals. Thus far only .salts of ali-

phatic acids have been discussed. These salts have

the distinct advantage that almost any spacing
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Table 5. Co for Salts of Phthalic Acid

Salt Co, A Melting Point, X

Na 26.42 >370

K 13.26 >370

Rb 12.99 283

Cs 12.84 290

Tl 12.95 187

may be obtained by using the correct acid and

metal combination. In addition, once several salts

have been prepared, spacings for other members

of the series may be predicted. However, they

have the serious disadvantage that single crystals

of these salts are quite difficult to grow, at least

in a size sufficient for use as a dispersing crystal.

There appear to be two possibihties for using

these crystals. One is to grow the salts out of

solution using the right combination of tempera-

ture and solvent to induce the thin, platelike crys-

tals to grow along the (001) direction on a suit-

able substrate which could even be bent if

necessary to produce an analyzing crystal. The
second possibility, and one which shows consider-

able promise,^^' ^^
is to use the Blodgett-Langmuir

method of building up a crystal one molecular

layer at a time from a dipping trough where an

acid salt has been allowed to form in a mono-
molecular layer. Building such a crystal is time-

consuming, but results in crystals of high quality.

Measurements indicate greater crj'stal perfection

(from rocking curve) in synthetic "crystal grat-

ings" than in some single crystals of comparable
spacings.*

Aromatic Acid Salts. Thus far, only salts of

phthalic acid have been evaluated. Table 5 shows
C parameters for Na, K, Rb, Cs, and Tl salts of

phthahc acid." The crystal structure of K, Rb.
Cs, and Tl salts permits recording of the intense

(001) reflection, but unfortunateh^ 1 = 2n for the

sodium salt. These crystal spacings should permit
dispersion of K spectra to oxygen (OKa = 23 .57A)
and L spectra to vanadium (Va La = 24.31A).

These compounds tend to crystallize beautifully

and most grow in platelets parallel to the (001)

and thus have a natural cleavage in the desired

direction for use as an analyzing crystal. Some
crystals as large as one inch in diameter have
been grown. Reflected intensities are very good
but crystal perfection is not always as good as

might be desired. However, probably more so-

phisticated crystal growing techniques could im-
prove the perfection of these crystals.

Other aromatic compounds such as tetra-p-bi-

phenyl silane {ao = 22 .5A) and tetra- and hexa-

* In Dec. 1962 it was announced that films of

long-chain behenic and lignoceric acids, built up by
the Blodgett-Langmuir method at the Virginia In-

stitute of Scientific Research, will be installed in an
Aerobee rocket and fired 130 miles high. Soft X-rays
(250-100 A) from the sun absorbed by the atmo-
sphere will be measured by these long-spacing dif-

fraction gratings (see Solar X-Rays).—Ed.

phenyl salts of Group IV elements have been syn-

thesized and are being evaluated.
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DISPLACEMENTS, ATOMIC. See Alloys (Copper-Gold).

DISTORTIONS, LATTICE. See Parocrystals.

DONUT. See Betatron.

DOSE RATE METERS, P-N-JUNCTION

In many applications of X-rays in medicine and

industry very small dose-rate meters are required,

even if this can be achieved only wdth an increase

of their energ}^ dependence. The reason for this

is usually either the error introduced by large air-

filled X-ray probes (Liden, 1961) or the necessity

of measuring the dose-rate in small body cavities

(i.e., in X-ray therapy) or highly divergent fields.

Because of its high efficiency, a suitable effect

for the construction of such an X-ray probe is

the photoeffect created by X-rays in p-n semi-

conductor junctions (Pfister, 1956). A probe using

this effect is shown in Figs. 1 and 2 (Hertz and

Gremmelmaier, 1960). It consists mainly of a

cylindrical n-doped GaAs rod which has a thin

p-layer on its surface. The p-n junction thus

created lies about 3 /x deep under the surface of

the rod and the current generated in it by the

electron-hole production caused by the absorption
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Fig. 1. GaAs semiconductor probes

Spring

Effective Region

Fig. 2. (a) Construction of the X-ray probe, (b) Cross section through the probe showing

effect of radiation differing m energy. Low energy radiation is absorbed m the probe, while

high-energy photons traverse it and generate photocurrent on both sides of the probe.

of X-rays is measured by a microamperemeter of

low input impedance. It has been shown that the

short circuit current of such an element is exactly

proportional to the X-ray intensity as long as its

energy spectrum and angle of incidence is con-

stant. If the angle of incidence is varied while the

probe is placed in a water phantom, the current

does not vary more than 10 per cent at normal

X-ray qualities, while in air larger variations are

observed if the X-ray beam nearly coincides with

the probe axis.

Because of the relatively high atomic number

of the semiconductor material, a high dependence

on the X-ray energy can be expected. In the pres-

ent probe (Fig. 2a), however, this is counteracted

to some extent by the cylindrical probe geometry

(Fig. 2b) : low energy radiation is absorbed in the

probe and generates photocurrent only on one

side of it, while X-rays of high energy traverse

the entire probe, or both the p-n-j unction at the

front and the backside of the probe. In this way
nearly twice as much photocurrent is generated by

the high energj'- radiation, which compensates to

some extent for the lower ionization density of the

high-energy photons.

Because of this effect the output current of the

probe is found to be 0.4 microamp. at 100 7/min

of low energy X-rays (95 kv, 2 mm Al filter, 0.2

mm Cu half value layer), and 0.3 microamp for

high-energ>^ X-rays (165 kv, Sn filter, 1.5 mm Cu
half value layer). In comparison, a flat p-n junction

could be shown to have a much larger energy

dependence.

This relatively low-energy dependence accounts
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o CADDD
. GaAs

Fig 3 Photofurrent from semiconductor probe at different dei)ths m water i)hantom.

Current normalized to arbitrary units for comparison with CADDD values. 200 kv, filter

5 mm Cu + 1 mm Al. HVL 1.15 mm Cu, field size 100 cm^ FSD 50 cm.

for the very good agreement of depth dose meas-

urements obtained by the semiconductor ])robe

with the standard CADDD-value (Fig. 3). At

higher X-ray energies (200 kv, HVL 2 mm Cu)

the discrepancies are only slightly larger, the max-

imum deviation being less than 10 per cent, while

the agreement at lower X-ray energies is better.

These results are not changed appreciably by the

size of the X-ray field.

Since the above described probe is not readily

available yet, Gulbransen and Madsen (1962)

have used commercial silicon diodes as dose-rate

meter probes. Because of the small area of the

p-n-junction their sensitivity is about 1000 times

smaller than that of the probe described above,

but otherwise their performance is generally simi-

lar.

In this connection the recent development of

p-i-n-structures for X-ray spectroscopy should be

named (Bailey, N. A., et al, 1961, Koch et al.,

1961) which uses basically the same principle as

the semiconductor dose-rate meter. Since in that

case most of the 7 rays have to be entirely ab-

sorbed in the sensitive volume of the probe, a

p-i-n junction is used with a very broad intrinsic

region (0.05-0.1 mm). An external d.c. voltage

creates an electric field in this region which re-

moves the electric carriers created there. In this

way single 7-quanta can be counted. An energy

resolution of 8 to 10 per cent has been obtained

for 7-energies of about 300 kv.
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DOSIMETERS: RECENT DEVELOPMENTS

The measurement of ionizing radiations re-

quires, depending on kind of radiation and dose

ranges to be covered, more or less highly special-

ized equipment. With the growing application of

high-energy radiations in so many fields, espe-

cially with the use of higher and higher doses, new

devices, and new instrumental techniques had to

be designed. This became possible on the basis of

new principles and experiences found in basic,

fundamental research.

Modern dosimetry distinguishes between gas

dosimetry, liquid state dosimetry, and solid state

dosimetry, each one with many subdivisions. Some

of the most interesting and valuable methods
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Table 1. Gels for Depth Dose Measurements.

System
Mode of

Measurement
Dose range

rads

0.001% Methylene Colorimetry 10,000 to

blue in gelatin or 50,000

agar gel

Methylene blue in Spectro- 10,000 to

agar gel photometry 500,000

Choral hydrate -in- Spectropho- 2,000 to

dicator agar gel tometry and
conductim-
etry

8,000

Table 2. High Dose Measurement.

System
Mode of

Measurement
Dose Range

rads

Cellophane-dye Spectro-

photometry

10^ to 10^

Ag-activated phos- do 10^ to 106

phate glass

Borosilicate glass do 10^ to 5 X
containing 0.5% 10^ 5 X 103

cobalt oxide to4X 10^

Pure polymethyl U.V. 5 X 10^ to

methacrylate 4 X 106

Pure methyl meth- do 5 X 10^ to

acrylate 4 X 106

Anthracene Fluorimetry 5 X 105 to

108

?)-quaterphenyl do 107 to 5 X
109

with their dose ranges are: glass dosimetry: cov-

ermg a range from 1 rad to 5 X 10*' rads; photo-

graphic high-level dosimetry: 10* ^to 10' rads;

luminescence degradation: 5 X 10^ to 5 X 10

rads; thermoluminescence dosimetry: 50 mrad to

several hundred rads; plastic dosimetry: color

changes: up to 2 X 10' rads, luminescence

changes: up to 5 X 10^ rads; chemical dosimetry:

acid (oxalic) up to 1.6 X 10' rads, gels up to 10^

rads, solids up to 10^ rads; gas dosimetry: 3 X 10®

rads (nitrous oxide) (Tables 1 and 2).-

Detailed description of the different^ systems

may be found in the quoted literature .'• "•
^

Brief descriptions are added on tetrazolium salts

dosimetry; on the Potsaid-Irie radiation dosimeter

and the plastic scintillator damage dosimeter.

Tetrazolium-Salts Dosimetry. The most com-

mon tetrazolium salt, 2,3,5-triphenyl tetrazolium

chloride brought to this country by Butcher* in

1947, is not only sensitive to different wave length

regions of the visible and UV spectrum (Hausser,^

Nineham''), but also as shown by Gierlach

and Krebs^ to ionizing radiations. Its colorless

aqueous solution is reduced by ionizing radiations

to its red-colored, water-insoluble, nondiffusible

formazan, which can be extracted by organic sol-

vents and measured quantitatively with the usual

spectrophotometrical methods. As a gel (10 per

cent gelatine, 1 per cent triphenyl tetrazohum

chloride—or any other of the different-color-for-

mazans producing tetrazolium salts—adjusted to

properly chosen pH) it can be used for demon-

stration of the three-dimensional distribution,

especially the depth distribution, of the absorbed

radiation energy, as was done by Hess and Eug-

ster' in the study of the heavy primaries in the

cosmic radiation at high altitudes, and by Kerei-

akes and Krebs'' in the measurement of the depth

dose distribution of 250 kv X-rays underneath a

Fig. 1. Grid (sieve) by Kereiakes and Krebs
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\/

100

/x50

/'X

50 K)0 150

Dose rate 10^ ergs/g sec

Fig. 2. Relation between luminescent intensity

and /3-dose-rate. Irradiation with Ce''"-Pr'*' using a

filter of about 11 mg/cm'. (1) Graph for parater-

phenyl, (3 wt.%) and l:l:4:4-tetraphenylbuta-

diene-l:3- (0.02 wt.%) in polystyrene. (2) Graph
for tetraphenylbutadiene (1.5 wt.%). Abscissa:

^ose-rate in 10^ ergs/g sec.

Table 3. Damaging Effects of Alpha-
Radiation ON Plastic Scintillators

IN Comparison to the Effects on
MONOCRYSTALS.

Dose in 10"

Scintillator
ergs/cm» giving

rise to 50 per
cent damage

Monocrystals
Anthracene 1.3

Naphthalene 1.7

n-Terphenyl 5.5

Stilbene 7.0

Pyrene 13.0

Toluene 32.0

Plastics

Pure polystyrene 50

Polystyrene with 3 per cent PT
and 0.02 per cent TPB 60

Polystyrene with 1.5 per cent

TPD 90

lead grid (sieve), today so widely used in the

treatment of deep-seated cancers (Fig. 1).

Potsaid-Irie Radiation Dosimeter. (See also

''Dosimeters, Solid Phantom," by M.S. Potsaid, p.

279.) An interesting extension of the gel dosimeter

principle into the lower dose ranges for demonstra-

tion, visuahzation, and measurement of the three-

dimensional distribution of the radiation in the ir-

radiated system was recently reported by Drs. Pot-

said and Irie, Massachusetts General Hospital and

Howard Medical School.^" The dosimeter is based

on the liberation of chlorine from halogenated hy-

drocarbons under irradiation, leading to the forma-

tion of acid which can be quantitatively deter-

mined with a properly chosen indicator. Adding

of wax to the radiation-sensitive mixture results

in a plastic mass, which can be brought into any

shape and can be used in any configuration. A
mixture of ''tissuemat," chloroform, and methyl

yellow has been proven to be most satisfactory

and its appHcation deals not only with current

problems of radiation and radiobiology (role of

free radicals, relation of oxygen to radiation ef-

fects, role of water in radiation phenomena) but

it is also beheved, according to Potsaid and Irie.

to become an important tool for radiation detec-

tion and measurement in connection with space-

medical problems.

Plastic Scintillator Damage Dosimeter. This

dosimeter principle is based on the detailed

studies by Rosman and Zimmer"' " in the damag-

ing effects of ionizing radiations on certain plas-

tics, primarily on the damage done to the absorp-

tion of light and on changes in the luminescence

yield. Both effects are dose dependent (Fig. 2 and

Table 3') lending themselves to the construction

of plastic dosimeters and isodosographs.^^ Such

dosimeters are distinguished by high sensitivity,

low dependence on temperature, pressure, and

humidity, and by little or no tendency to saturate

at very high dosage rates.

References

1. "Measuring Large Doses," A Nucleonics Re-
port, }^ucleonic8 17(10), 58 (1959)

2. Report of the International Commission on
Radiological Units and Measurements
(ICRD. 1959, Nat. Bur. Standards Hand-
book 78, (1960)

3. "Radiation Dosimetry," ed. C. J. Hine and

G. L. Brownell New York, Academic Press,

Inc., 1956.

4. Mattson, A. M.. Jensen, C. O., and Dutcher,

R. A., "Triphenvltetrazolium Chloride as a

Dve for Vital Tissues," Science 106, 294

(1947)

5. Hausser, K. H., "tjber die Quantenbilanz
photochemischer Prozesse und ihre Deutung
nach der Treffertheorie," Z. Naturjorsch. 5a,

41 (1950); "Die Quanten Bilanz der Um-
wandlung von Triphenyltetrazolium chloride

und Triphenvlformazan durch ultraviolettes

Licht," Naturwissenschajten 36, 313 (1949)

6. Nineham, A. W., "The Chemistry of Forma-
zans and Tetrazolium Salts," Chem. Rev.
55, 355 (1955)

7. Gierlach, Z. S., and Krebs, A. T., "Radiation

Effects on 2,3.5-Triphenyltetrazolium Chlo-

ride Solutions," Am. J. Roentgenol, and
Radium 62, 559 (1949)

8. Hess, V. F., and Eugster, J., "Cosmic Radia-
tion and Its Biological Effects," New York,
Fordham University Press, 1949.

9. Kereiakes, J. G., and Krebs, A. T., "Radiation

Therapy and Biologv: Grids," in 0. Glasser,

"Medical Physics," Vol. 3, p. 509, 1960.

10. Potsaid, M. S., and Irie, G., "Radiation Do-
simeter," in "The CHnical Laboratory," Vol.

29, No. 4, pp. 90-95, 1961; "An In-Phantom
Radiation Detector," New Eng. J. Med. 265,
1152 (1961).

11. Rosman, I. M., and Zimmer, K. G., "Scmtil-

latoren in der Dosimetrie," Atomkernenergie

2, 429 (1957); "The Damage to Plastic

Scintillators bv Ionizing Radiations," Intern.

J. Awl. Rad.^and Isotopes 3, 36, 43 (1958)
A. T. Krebs



277 DOSIMETERS: SILVER-ACTIVATED GLASS BLOCK

DOSIMETERS, SILVER-ACTIVATED GLASS BLOCK: LOW-

ENERGY X-RAY INTENSITY MEASUREMENTS

The intensity of radiation at a given place may
be defined as the energy per unit time entering a

small sphere centered at that place per unit cross-

sectional area of the sphere.^ In the special case

of a plane parallel colHmated X-ray beam the in-

tensity may be defined as the energy per unit

time impinging upon a unit cross-sectional area

oriented at right angles to the direction of the

X-ray beam. Intensity is usually expressed in

units of ergs per square centimeter per second

(ergs/cm^-sec) or in electron volts per square

centimeter per second (ev/cm^-sec). The intensity

of an X-ray beam at some point of interest may be

measured by the total absorption of the X-rays

arriving there, using as the absorber some material

which changes in a measurable way as a known
function of the energy absorbed per unit area.

Examples of such absolute dosimeters are the

calorimeter, in which the incident radiation causes

a rise in temperature of the absorber, and the

Fricke ferrous sulfate solution dosimeter in which

the absorbed radiation causes a change in the

chemical composition of a solution.^ These dosi-

metric systems are sometimes difl&cult to use in

the geometry of a given experiment. The appara-

tus required for calorimetry is usually bulky and

the necessary precautions in its use are somewhat
elaborate. The use of chemical dosimeters is some-

times difficult if they are to be handled with the

requisite high degree of chemical cleanliness. One
can avoid these difficulties by using as a dosimeter

some material which is more compatable with the

environmental conditions of most experiments.

The radiation induced darkening of glass is an ex-

ample of such a material. This sort of dosimeter

need not be absolute in itself since it can be

calibrated against one of the previously mentioned

absolute dosimeters, i.e., a calorimeter or the Fricke

dosimeter.

The goal of most intensitj^ measurements is

the determination of the energy absorbed by a

material of experimental interest such as a bio-

logical specimen or an alkali halide crystal. This

measurement can be broken into two separate op-

erations. First, a determination of the beam in-

tensity incident upon the sample is made. Second,

the fraction of this incident intensity that is ab-

sorbed by the sample is determined. Two methods

of making such measurements will be discussed in

the following sections.

The Use of Silver-Activated Glass Blocks.

Rabin and Klick^ and Ritz and Cheek* have used

a glass block dosimeter to measure the intensity

of low energy X-rays emitted from a tungsten

target beryllium window X-ray tube and to deter-

mine the fraction of the incident intensity ab-

sorbed by thin alkali hahde crystals. These blocks

(1cm X 1cm X 0.3cm thick) are made of a silver-

activated metaphosphate glass developed by
Schulman et al.^ Irradiation with ionizing radia-

tion induces an optical absorption band which

encroaches upon the visible part of the normally

transparent spectrum. This absorption causes the

blocks to turn brown; the change in coloration

can then be used as a measure of the intensit}'- of

the incident radiation.

The way in which these blocks are used as do-

simeters is illustrated in Fig. 1. The block is

placed in a Beckman Model DU spectrophotom-

eter and its optical density relative to a standard

block is measured with 5000A hght. In Fig. 1(b)

the block has been uniformly colored with high-

energy electrons or gamma rays, in (c) the block

has been colored nonuniformly with X-rays from

a beryllium window X-ray tube. The emission

spectrum from such an X-ray tube is not mono-
chromatic but consists of a broad spread of photon
energies, some of which are more easily absorbed

than others. A remeasurement of the blocks (b)

or (c) in the spectrophotometer will show an in-

creased optical density proportional to the energy

absorbed by the blocks. If the blocks are thick

enough to com-pletely absorb the electrons or X-
rays, then the coloration will be a measure of the

beam intensity. The fact that the blocks irradiated

with X-rays are nonuniformly colored is of no

consequence. The light beam in the spectropho-

tometer simply sums all the absorption centers in

its path. One can then use calibrated blocks (i.e.,

the relation between coloration and energy ab-

sorption in the block is known) to measure the

fraction of the incident intensity absorbed by the

sample. This is done in (d) by a comparison of

the coloration of blocks exposed w4th and without

an interposed sample. The difference in the read-

ings will then yield the fraction of the incident

intensity that is absorbed by the sample.

The choice of the wavelength of the light used

to read the blocks in the spectrophotometer is a

rather arbitrar}^ one; 5000A is a convenient wave-

length for the high intensities emitted by beryl-

lium window X-ray tubes. The radiation-induced

coloration fades rapidly at first, but then slows to

a fraction of a per cent per hour. An analytical

correction can be made for this fading,^ or one

can routinely read the blocks 24 hours after the

end of an exposure when the rate of fading has

diminished.*

One must know the relationship between the

radiation-induced coloration of the blocks and
the energy absorbed by the blocks. The results of

a calibration of the glass blocks against the Fricke

dosimeter are presented in Fig. 2. The X-ray

tube was a Machlett OEG-60 operated at various

exciting potentials. The curve for Co°° gamma
rays is included to show the decrease in response

of the glass as the photon energ.y of the incident

X- or gamma-rays is decreased. It must be em-
phasized that the blocks can be used as intensity

meters ojily if the radiation beam is totally ab-

sorbed in the block. This is the case for 3 mm
thick blocks exposed to X-rays generated at ex-

citing potentials of 50 kv or below. This method

is also applicable to electron beam dosimetry if

the thickness of the block is greater than the

range of the electrons.

Calculation from Theory. A method will be

described here bv which the fraction of the inci-
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ALKALI HALIDE
CRYSTAL

Fig. 1. Dosimetry with silver-activated glass blocks, (a) Orientation of block m spectro-

photometer; (b) high-enersy electron or 7-ray irradiation; (c) low-energy x-ray nradia-

tion; (d) technique for measuring the fraction of the mcident mtensity that is absorbed

by an alkali halide crystal or other sample.

ABSORBED ENERGY (

Fig. 2. Response of the silver-activated glass

blocks (3 mm thick) to various ionizing radiations.

The optical density measurements were made at

5000A, 24 hours after the end of the irradiation.

dent beam absorbed by a sample can be calcu-

lated from theory. The incident-beam intensity is

then measured by some other technique such as

ferrous sulfate dosimetry, or by the irradiation of

a single glass block whose response to radiation is

known.
Two pieces of information are needed to calcu-

late the fraction of the X-ray beam intensity that

is absorbed in passing through a material. They
are (1) the spectral distribution of the X-rays

incident upon the sample and (2), the thickness

and energy absorption coefficients of the sample.

If one were dealing with monochromatic X-rays,

lOKV, UNFILTERED

ISKV.UNFILTERED

10 20 30 40
PHOTON ENERGY ( KEV )

Fig. 3. Spectra of a beryllium window tungsten

target X-rav tube for various exciting potentials

and filtrations. The spectra have been normahzed

so that the areas under each curve are equal.

the following familiar exponential relationship

could be used:

h = loil - e--''-*)

where
la — the energy absorbed by the sample per

unit area per unit time.
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/„ = the energy incident upon the sample

per unit area per unit time.

rntien = the mass energy absorption coefficient

(cmVgm).
t = the sample thickness (gm/cm").

However, the X-ray energy spectrum from a

tungsten target tube is not monochromatic but ex-

hibits a rather broad distribution in photon en-

ergy. Thus the above relation must be evaluated

for each point in the tube emission spectrum. The

fraction of the incident energy that is absorbed by

the sample is then given by the ratio of the area

under the absorption spectrum derived from the

above equation, divided by the area under the

incident spectrum.

Some typical emission spectra from a Machlett

OEG-60 X-ray tube are shown in Fig. 3. These

spectra were either taken from the experimental

results of Ehrhch, or calculated by methods out-

lined in her paper.^ The thickness of the sample

in the direction of the X-ray beam may be easily

measured with a micrometer. A knowledge of the

density of the material makes possible the deter-

mination of the thickness in units of gms/cm".

Energy absorption coefficients for a variety of

materials have been tabulated most recently by

Berger.^

The fractions of the incident beam intensity ab-

sorbed by various samples as calculated by the

methods outhned in this section have been found

to agree to about 10 per cent with the fractions

measured experimentally with the silver-activated

glass blocks. The glass-block dosimetry is prob-

ably the more accurate technique. However, the

calculation described above yields the spectral

distribution of the energy absorbed by the crystal,

as well as the fraction of the incident intensity

that is absorbed. This information is useful if the

radiation damage being studied depends upon the

energy of the X-ray photons as well as upon the

total amount of energy absorbed by the crystal.
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DOSIMETERS: SOLID "PHANTOM"

Among the first groups of agents tried as chemi-

cal radiation dosimeters w^ere the halogenated

hydrocarbons. A few years after Roentgen's dis-

covery iodoform dissolved in chloroform was

demonstrated to respond to X-rays, but the mix-

ture was relatively unstable.' In 1928 the libera-

tion of chlorine from chloroform to form an acid

was considered to be proportional to radiation

energy absorbed." Later investigations revealed

that halogenated hydrocarbons exhibited many

properties essential to a practical dosimeter.^ It

also became apparent that under some conditions

long chain chemical reactions occurred during ir-

radiation of such organic compounds, resulting in

an unusually high G value (radiochemical yield

of specific molecules, ions or complexes formed

per 100 ev of absorbed energy). Halogenated hy-

drocarbons were investigated as radiation dosim-

eters but as liquid aqueous and nonaqueous sys-

tems.*'
'

An ideal chemical dosimeter for measuring

doses of ionizing radiation administered to ani-

mals or patients should be a solid or firm sub-

stance with the same electron density and Z value

as tissue. This absolute rad dosimeter should also

show precisely measurable color responses linear

with absorbed dose and independent of the radi-

ant energy or its rate of delivery. It should be

sensitive to the levels of dose used to expose bio-

logic systems. Such a dosimeter would not only

detect radiation but it would serve as the phan-

tom; the dosimeter would be the phantom and

the phantom itself would be the dosimeter. If the

device could be used in the solid state and con-

veniently sectioned it would make possible an

immediate three-dimensional color picture of the

isodose patterns.

A completely satisfactory in-phantom dosim-

eter, as the one described above, is not available.

A first approximation, however, has been accom-

plished using several easily controlled organic

molecules that can be economically prepared.

Halogenated organic compounds and indicators in

a paraffin and/or plastic matrix have been found

to fill many criteria of the ideal dosimeter.^'
'

Particularly useful have been systems consisting

of halogenated hydrocarbons, azo dyes, and par-

affins.^' ^ Electromagnetic and corpuscular radia-

tions have instantly caused the exposed portion of

the yellow phantom to become red with an in-

tensity of color proportional to the absorbed dose

(Fig. 1). A single exposure has afforded an im-

mediate record of relative quantity of absorbed

dose in different parts of a solid phantom of par-

ticular geometrical arrangement.

One of the advantages of the halogenated hy-

drocarbon-azo dj'e-paraffin and/or plastic, '^HAP,"

system is the ease with which the electron density

and Z values can be changed and made closely

equivalent to tissue. Altering the composition,

tliat is, varying the amounts of halogenated hy-

drocarbons (e.g., chloroform and bromoform)

simply affects the over-all sensitivity but does

not ehminate the radiation response. Fortunately

rigid and therefore more desirable formulations,

from the standpoint of physical characteristics,

need relatively low concentrations (1-2 molal) of

liquid halogen compounds and are also most sen-

sitive with respect to radiation-induced color

(Fig. 2). The latter phenomenon apparently devi-
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EFFECT OF HALOGENATED HYDROCARBON

MOLALITY ON SENSITIVITY

A = p-PHENYLAZOANILINE
DIMETHYLAMINOAZOBENZENE

C = 4-PHENYLAZODlPHENYLAMINE

Fig 1. Color is intensified in bromoform/4-phenylazodiphenylamine system by increased

doses of X-rays (100 kvp 0.65 mm Cu h.v.L). A. 50 r. B. lOOr. C. 200r. D. 400r. E. 800r.

Unirradiated dosimeter is yellow and dark areas are red.

tities (0.2-1 per cent) of purified wax (e.g., bees-

wax, myricyl palmitate, Ci.-HsiCOOCsiHcs) can

effectively eliminate the disturbing properties

without a significant lowering of radiation sensi-

tivity. Comparable amounts of miscible plastics

(e.g.. polyethylene) can similarly improve paraf-

fin. Commercial paraflBns with plasticizers or syn-

thetic rubbers employed in the mounting and

sectioning of tissues can be conveniently used to

obtain the desired texture.* There are specially

refined microcrystalline paraffin waxes (e.g.. Shell-

wax 300 and 700) that mix well with halogenated

hydrocarbons to produce a homogeneous dosim-

eter.

To prevent significant losses of volatile com-

pounds the melting point of the paraffin must be

compatible with the boiling point of the halo-

genated hydrocarbon. It is well-known that par-

affins expand greatly upon heating and melting

with the converse phenomenon of marked con-

traction occurring upon cooling and solidification.

This undesirable physical property can be mini-

mized by pouring the mixture into well-insulated

warm molds when it is only a few degrees above

the melting point and allowing it to cool slowly.

In the calculations of molality it is more practi-

cal to figure the matrix material as the solvent.

Thus a one molal formula contains a mole of

halogenated hj'drocarbon (e.g., chloroform 120

gms) in a kilogram of matrix (e.g., paraffin).

Halogenated Compounds. A large number of

organic molecules containing one or more halogen

atoms have caused a radiation-induced color re-

sponse in the HAP system. Some compounds have

required large doses of ionizing radiation while

others have shown changes well below one hun-

dred roentgens. To date the most promising

agents have been aliphatic, aHcychc, and aro-

matic halogenated hydrocarbons. Aliphatic sub-

stances have proven to be the most practical,

particularly chloroform, bromoform, and iodo-

form. Placed directly into paraffin, iodoform has

demonstrated relatively poor solubility, but dis-

ci 05 1.0 I 5 20

MOLAL CONCENTRATION OF CHLOROFORM

Fig. 2. Amount of halogenated hydrocarbon af-

fects intensity of radiation-induced colors. Radia-

tion dose is in roentgens. Equivalent color change,

measured photometrically as same percentage m-
crease in light absorption, shows peak sensitivity

between 1 and 2 molal concentrations of chloro-

form.^'

ates from Beer's Law in terms of halogenated hy-

drocarbon concentrations affecting color. This ob-

servation is probably of fundamental importance

and will be discussed later in the hght of some

interesting experimental evidence.

Dosimeter Components. Matrix Materials.

The matrix is more than a mere vehicle to create

a soHd system. True, it makes the dosimeter rigid,

but it also plays an active and important role in

the enhancement of color changes. The correct

solid is essential for some matrix materials can

have an opposite effect and actually prevent or

reduce the development of radiation-induced

colors.

Of the numerous possible matrices the paraf-

fins have many practical advantages. They are

readily available, easily worked, and freely mis-

cible with halogenated hydrocarbons. Upon sohdi-

fication, however, most paraffins produce excessive

flaking and internal cracking, which disrupts vis-

ual uniformity of the color patterns. Small quan-

* "Tissuemat," Fisher Scientific Company, 1

Reagent Lane, Fair Lawn, N. J.
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solved first in bromoform it mixes well with the

matrix.

These additional agents have induced a grossly

observable color change with methyl yellow

by X-ray doses below 5000 roentgens: carbon

tetrachloride, carbon tetrabromide, ethylene

bromide, hexachloroethane, trichloroethylene,

1:1: 1-trichloroethane, tetrachloroethylene, hepta-

chloropropane, 2-2-2-trichloro-l-ethoxyethanol,

2-bromo-2-chloro-l : 1 : 1-trifluoroethane, hexachlo-

rocyclohexane, a,a,a-trichlorotoluene, a,a,a-tri-

fluorotoluene.

Indicators. Many chromogens, colored organic

compounds, were examined for radiation sensitiv-

ity in the paraffin base dosimeter. Azo compounds

with the double nitrogen chromophore group,

-N:N-, fared the best. The mere presence of the

azo group, however, did not guarantee a color

reaction. For example, azo-benzene was not effec-

tive. It was concluded that the chromogen had to

be converted to a dye by the introduction of a

secondary or auxochrome (color fixing) group to

become a suitable indicator.

The most useful azo dyes found so far have

been dimethylaminoazobenzene (methyl yellow),

?>phenylazoaniline, and 4-phenylazodiphenyla-

mine. Azo dyes also showing promise have been

the following: 4-phenylazo-l-naphthylamine, 4-

phenylazoresorcinol, 3-methyl-4-phenylazophenol,

?>phenylazophenyl isocyanate, 4-(7?-phenylazo-

phenyl) semicarbazide. Contrast of radiation-in-

duced colors to the original unirradiated yellow

have been most striking with dye concentrations

of 1-4 X 10"* molal and figuring both matrix and

halogenated hydrocarbon as dye solvent.

Other dyes that have demonstrated radiation-

induced color changes by gross visual inspection

are listed: 4,4'4"-methylidynetris-(N,N-dimethyl-

aniline), diphenylthiocarbazone, Rhodamine 6 G,

Gallocyanine, Methyl Green, Quinaldine Red.

Radiation Response. Detectable Radiation,

The absorbed radiant energy, electromagnetic or

corpuscular, determines the magnitude of the

chemical reaction and finally, the degree of color.

It is felt that a sufficient dose of any radiation,

which ultimately produces ionizing events, will

ehcit a color change. The following is a sample

list of radiations that can be clearly illustrated

using choloroform or bromoform:
A. Electromagnetic radiation

1. X-rays (50-2,000 kvp)
2. Gamma rays (Cobalt-60, Iodine-131, and

Radium)
B. Corpuscular radiation

1. Electrons (Strontium-90 and Phosphorus-

32)

2. Protons (160 mev cyclotron)

3. Neutrons thermal (nuclear reactor)

In demonstrating the effects of thermal neu-

trons a chloroform formulation was exposed at a

nuclear reactor. Immediately after the exposure

the slab of dosimeter was found to contain suffi-

cient radioactivity that it was necessary to allow

a few hours for the short-lived radioactive chlo-

rine to decay.

A clear picture can be obtained of the linear

energy transfer (LET, or energy lost in ev per

unit length, micron, of radiation path) at the end

of a proton beam. The most distal part of such

a beam shows an elevated dose, Bragg Peak, which

results from an increased ion density. This occurs

because protons lose their energy more rapidly

just before they come to a complete stop. The

effects of narrowed portals of entry on the Bragg

Peak can be shown in detail (Fig. 3).

LET is closely related to the energy of X- and

gamma-ray photons as well as the mass and en-

ergy of charged particles and can be viewed as a

dose-rate phenomenon on a microscopic scale.

The exact relationship of dose rate and radiant

energy to color changes in the HAP system has

not been completely elucidated. At the moment it

appears that formulations containing bromine

are energy dependent with more color change

produced by softer X-rays for a given dose of ra-

diation. Chlorine analogs are more independent

of photon energies. Some color changes in the

solid suggest a correlation with LET.
Many halogenated hydrocarbons are also sen-

sitive to quanta having energies lower than ioniz-

ing radiation making it necessary to protect some

of the more sensitive dosimeters from prolonged

intense fight. In the HAP system, bromoform can

be handled in moderately intense ordinary room

fight, whereas chloroform as a rule needs to be

shielded only from direct dayfight.

Color Measurements, Spectrophotometric anal-

ysis of chloroform and bromoform dosimeters in-

dicate that dimethylaminoazobenzene has a peak

at 4000A w^hen unirradiated and following radia-

tion a peak at 5250A, whereas 4-phenylazodi-

phenylamine shows an unirradiated peak at 3900A

with X-rays causing a peak at 5200A. The widest

peak separation occurs with p-phenylazoaniline

and bromoform which has an unexposed peak at

3700A and a radiation-induced peak at 5900A.

Fig. 3. Changes m dose distribution as a function

of proton-beam width are demonstrated in 3 cm
thick slab of HAP dosimeter. Entrance beams
measuring 0.9 mm, 1.6 mm. 3.2 mm. and 4.8 mm
show a gradual spread with depth and a decrease

in the intensity of the Bragg Peak (small arrow)

as the portals become narrower. The broken arrow

gives beam direction.
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Analyses in the ultraviolet and infrared region

need further investigation.

Many experiments and clinical studies can be

successfully carried out by simply observing

changes in the color of the in-phantom dosimeter.

The human eye is a marvelous instrument which

responds to a broad spectrum of light intensities

and wavelengths. Even so, it is an individual and

thus a variable device which makes subjective

photometry, color interpretation by gross visual

inspection, a less reliable procedure. Precise quan-

titative evaluations of color usually require com-

plex techniques and apparatus. For the HAP
system a relatively simple method of obtaining

numerical values for colors by reflectance and

transmittance of light can be arranged.

A self-generating barrier-layer photoelectric cell

in a circuit containing sensitivity controls in addi-

tion to a galvanometer can be made into an ac-

curate meter for color and radiation-dose deter-

minations. This simple arrangement is especially

efficient for measuring intensities of light trans-

mitted through one to two centimeters of the

translucent in-phantom material. For the most

practical dosimeter formulations mentioned in

this chapter, yellow green filtered light from a

fluorescent lamp seems preferable and a green fil-

ter proximal to the photoelectric cell further im-

proves the performance. Under the circumstances

mentioned above a combination of bromoform
and 4-phenylazodiphenylamine detects 5 roent-

gens of X-radiation in the 50 to 300 k\-p rang(}

with little difficulty.

Since the HAP dosimeter is a sohd, an analysis

of the surface colors would seem to ha^'e con-

siderable merit. Such determinations are possible

using slightly more complex instrumentation,

which has in addition to the device described

above a compensating photoelectric cell and a

small incandescent lamp in the probing head (Fig.

4). As might be expected this technique does not

have the sensitivity of the transmitted light

method, primarily, because less of the dosimeter

is subjected to analj^sis. Minor surface imperfec-

tions distort the color patterns resulting in a

curvi-linear response at low doses (Fig. 5). The
medium and high doses do follow a straight line.

The transmittance technique automatically

compensates for variations in thickness of dosim-

eter if the unirradiated control reading is accepted

as 100 per cent. Ratio of radiation dose to the per

cent of color change (light absorption) tends to

remain a constant for a given dosimeter. Under
more standardized matrix conditions a similar and
more general relationship will probably be found

for molal concentrations of a specific halogenated

hydrocarbon and a given dose. Even though
methyl yellow and 4-phenylazodiphenylamine

have almost identical spectrophotometric analysis

peaks their color changes as measured by the

barrier-layer photoelectric cell are different (Fig.

6). The latter azo dye and p-phenylazoaniline

have consistently given straight line responses

and are certainly two indicators of choice.

A convenient method of measuring the color

intensity is to take a photograph of the changes

in the dosimeter. Quantitative data can be ob-

tained from the photograph by subjecting it to

densimetric measurements. This permits compari-

son of one part of the phantom to another. A
standard of sorts can be applied to the dosimeter.

This can be done by irradiating small circles or

squares in an unused corner of the phantom with

known doses of specific radiation and including

these in the photograph.

Effects of Physical State. There is little doubt

that the secret of the HAP dosimeter Hes within

the matrix, which determines to the greatest ex-

tent the ultimate physical properties and in turn

the sensitivity to radiation. The key may be the

solid state with the large molecule and the chemi-

cal nature of the matrix playing essential roles.

Attempts to quantify the radiation-induced

color changes in one to two molal formulations of

chloroform and bromoform led to some interest-

ing findings. Various trials to make the dosimeter

conform to the conventional methods of photo-

metric analysis, by having the material in liquid

form, caused much or all of the color to disappear.

This happened whether the solid was melted or

whether it was dissolved in a solvent such as

chloroform, even when chloroform was one of the

dosimeter constituents.

Early experience with such a paraffin base do-

simeter showed that heating the unirradiated as

well as the irradiated solid weakens the color in-

tensity or makes it vanish. As one might expect,

cooling intensifies the color or brings it back if it

has been lost by melting. Color intensification has

continued with temperatures well below —50°C.

In other in\ostigations, in which liquid paraffins

were substituted for solids, a decrease in the radia-

tion-induced colors was observed for identical

molalities of the same halogenated hydrocarbon.

Much of the confusion was resolved by a simple

experiment. This crucial study was designed to

explore the effects of physical state, liquid vs.

sohd, for the same dosimeter. A refined mineral

oil, that at room temperature was a highly viscous

liquid, was chosen as the ahphatic hydrocarbon

liquid base and sohd matrix. To convert the liquid

into a rigid system its temperature was lowered

to —85°C. Formulations containing various molal

concentrations of chloroform in mineral oil were

irradiated. Identical dosimeters were exposed to

the same dose of 2 mev X-rays as a liquid and as

a solid.

There was a striking difference between the two

physical states in the color response to radiation.

In the liquid form the dosimeter was quite con-

sistent with Beer's Law** in regard to the halo-

genated hydrocarbon concentration affecting

color; the highest concentrations of chloroform in

mineral oil were associated with the most intense

color changes (Fig. 7). Giving the same X-ray

exposure to the dosimeter but as a sohd created

an entirely new response pattern. The system be-

** Example to illustrate Beer's Law: Two solu-

tions of the same substance in the same solvent

should absorb the same amount of light if one is

twice the mole concentration but one-half the

thickness of the other.
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Fig. 4. Schematic diagram of probing head and circuit emphasizes the simphcity of the

photoelectric color-quantifying instrument (Reflection Meter Model 610, Photovolt Cor-

poration, New York, N. Y.)

haved in the manner of HAP dosimeters with the

deepest colors occurring in the 1-3 molal range

(Fig. 8). Increasing the low concentrations of the

halogenated hydrocarbon produced a more in-

tense color until the peak was reached; further

increases of chloroform in mineral oil beyond the

peak resulted in a continuing decrease in sensitiv-

ity (e.g., pure chloroform with 4-phenylazodi-

phenylamine irradiated as a solid remained yel-

low). These latter findings are certainly not in

conformity with Beer's Law for concentration ef-

fects.

When the mineral oil system, which was ir-

radiated as a solid, was allowed to liquify, a sur-

prising development occurred. The color pattern

gradually shifted so the most intense change was

manifest in the highest concentrations of chloro-

form in paraffin with the deepest colors evident

in the pure halogenated hydrocarbon. The sA'stem

reverted and once again conformed with what can

be called the "expected" response.

An obvious next step was to solidify the dosim-

eter, which had been exposed to X-rays while in

the hquid state. When this was done the colors

assumed the distribution displayed by the solid

system with the greatest color in tubes having 1-3

molal concentrations of halogenated hydrocarbon.

Pure chloroform did not return completely to the

original yellow.

From the experiments described above it seems

logical to assume that the solid state makes all

the difference. To a large extent this appears to be

the fact. There is, however, evidence that higher

molecular weight matrices or hydrocarbons in

general, even in the liquid form, can also exert an

o]itimal color response with the lower concentra-

tions of halogenated hydrocarbon. Mineral oil

formulation? containing bromoform and p-phenyl-
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REFLECTANCE MEASUREMENTS OF

DOSIMETER SURFACE COLOR

DOSE IN ROENTGENS

Fig. 5. Dosimeter surface color measurements of

bromoform and 4-phenylazodiphenylamine by re-

flectance indicates the nonlinearity of the system

at low doses. Per cent of unirradiated control is a

measure of change in absorption of reflected light

induced by radiation
.'°

azoaniline clearly demonstrate this phenomenon.

Various concentrations of bromoform show the

most intense colors in the highest molalities im-

mediately after X-irradiation of the liquid sys-

tem. Allowing these tubes to stand for a few hours

shows a complete loss of radiation-induced colors

in the highest concentrations leaving the 1-5 molal

formulations most intense (Fig. 9). When an iden-

tical series of dosimeters is refrigerated, then ir-

radiated as a solid and finally allowed to liquify,

the tubes display the most nrtense colors in the

lower molalities more directly.

Effects of Chemical Modifiers, Studying the

alteration of radiation effects by chemical means,

making the specific reaction stronger or weaker,

falls naturally within the scope of the HAP sys-

tem. Several groups of substances, including bio-

logically active molecules, have been tested in the

paraffin base model and have shown modifications

in the color reaction.

For example, certain organic compounds with a

hydroxy 1 group, —OH (such as alcohols or phe-

nols in close to saturation concentrations), have

increased the color yield especially in the chloro-

form systems. Such alcohols as ethanol, propanol,

and butanol and such phenols as resorcinol and
hexylresorcinol have demonstrated definite en-

hancement.
One of the most interesting of the modifying

agents has been p-phenylazophenol, which has in

its chemical structure the azo functional group in

addition to the hydroxyl group in the form of

a phenol. In molal concentrations about fifteen to

twenty-five times that of methyl yellow, p-phenyl-

azophenol has increased the radiation-induced red

color of the chloroform system. This agent has

proved to be not only an enhancer of the color

change but also a stabilizer of the system, with

protection against reaction to visible light pho-

tons. When p-phenylazophenol (also a yellow

dye) is used, it is advisable to decrease the

amount of methyl yellow.

Water, a hydroxyl and acid polar molecule, has

an action opposite to that of the alcohols and

phenols. In amounts of 0.005 per cent or more by

weight it markedly reduces the intensity of the

radiation-induced color changes or makes them

rapidly disappear. In many cases it has com-

pletely prevented the appearance of the red color

by doses as high as 10,000 roentgens. At other

times it has caused the red color to fade in min-

utes.

The apparent enhancement of the paraffin-base

dosimeter to radiation by alcohols and phenols

appears to be the reverse of the influence of these

hydroxyl compounds in liquid aqueous and non-

aqueous dosimeters. At least several radiation

modifiers suggest a consistently opposite behavior

in paraffin to their known actions in aqueous sys-

tems. As has been stated, water itself in slightly

more than trace amounts decreases color produc-

tion in the paraflfin system.

Visualization of Radiation in Action. Since

the HAP system can be observed in a lighted

room during the actual delivery of dose a visual

method for analyzing radiation kinetics is avail-

able. The required shape of in-phantom dosimeter

can be so assembled that its cut surface is viewed

through a transparent plastic sheet or slab of

similar density to ionizing radiation. Focusing a

well-shielded movie camera or having a closed-

circuit television camera look on the phantom

during the irradiation can make it possible to

assess the value of motion or kinetic studies of

radiation phenomena. These arrangements permit

observation and recording of radiation-therapy

fields, which can be seen as continuous color

changes in the chemical dosimeter. One can obtain

on movie film a progressive picture of isodose de-

velopment.
Radiation events viewed as motion pictures are

often more informative than a study of the same

events reproduced as a series of static images."

This is especially true in diagnostic radiology.

With the solid state chemical dosimeter studies

can be extended to cover the action of penetrating

radiation on the formation of useful information.

Experiments can be designed to show the build-up

TRANSMISSION MEASUREMENTS OF COLOR

IN 2 CM, THICK SLABS OF CHLOROFORM

WITH 4-PHENYLAZOOIPHENYLAMINE ( A )

AND METHYL YELLOW { B ) IN PARAFFIN

400 600 800 1000

DOSE IN ROENTGENS

Fig. 6. Increase in light absorption of different

dyes with increasing amounts of radiation illustrates

that not all indicators will have a linear response

when filters of the same color are used.^*^
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Fig. 7. Halogenated hydrocarbon-azo dye formulations in mineral oil immediately after

being irradiated as liquids show the greatest color change in the highest molal concentra-

tions of chloroform. A. 0.15M. B. 0.3M. C. 0.6M. D. 1.2M. E. 2.4M. F. 4.8M. G. pure chlo-

roform.

Fig 8. Halogenated hydrocarbon-azo dye formulations of identical niolahlies as in Iig.

7 at -75°C irradiated as a sohd and photographed as a solid show the greatest color

changes in lower concentrations of chloroform.

of information bits in the development of an X-
ray-induced image (Fig. 10). The actual dynamics

of image formation can be recorded and later pro-

jected so the eye receives the information at an

optimal rate for perception of changing contrast,

brightness, and detail. Thus, rapidly occurring

radiation phenomena can be put into slow motion

and slowly occurring events can be speeded up.

Imperceptible changes can be set into easily per-

ceptible kinetics. This concept of information
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Fig 9 4. p-phenvlazoaniline formulation in mineral oil with the various molalities of

bromoform (A. 0.5M. B. l.OM. C. 1.5M. D. 2.0M. E. 2.25M. F. 5.0M. G. lOM. H. 20M.

I. 40M. J. 60M. K. 80M. L. lOOM. M. pure bromoform) shows the retention of radiation-

induced colors m the lower concentrations and complete fading in the highest concentra-

tions.

Fig. 10. Radiograph formed on a thin film of

HAP dosimeter shows that information results from

an absorbed dose differential. This X-ray skull

image was also photographed on 16 mm movie film

during its actual formation and accumulation of

information bits.

analysis is being expanded and a method is under

study to determine the effects of the number and

the energy of X-ray quanta on the quality of

diagnostic radiographs.

Simulation of Irradiated Anatomy. The HAP
dosimeter can be shaped into the desired three-

dimensional geometries and even molded or sculp-

tured to simulate human or animal anatomy. In-

phantom dosimeter casts of the head and neck

can be easily made in silicone rubber* molds

(Figs. 11 & i2). In cases of questionable isodose

patterns, w^hich can be caused by radiation-ther-

apy fields covering h'regular and uneven surfaces,

a trial of radiation can be delivered to a sohd

model to determine the dose configuration.

Inadvertently, this solid radiation detector was

found to provide a rapid check on radiation

sources used in therapy. During one of the early

* Silastic RTV 502, Dow Corning Corporation,

Midland, Michigan.

Fig. 11. Silicone rubber molds can be easily j^ep-

arated from head and neck casts made of HAP ma-
terials. In this case the original subject was the

siher-pamted plaster-of-Paris model included in

the picture.

trials of the HAP system, unsharp edges were pro-

duced in a field of radiation by a beam of X-rays

from a well-colhmated unit with a newly installed

tube. A fuzzy penumbra, wider than anticipated,

had resulted. A careful survey of the machine re-

vealed that the focal spot area of the X-ray tube

was four times larger than it should have been,

due to an improper resistor that did not optimally

focus the electron beam on the target. Under

similar circumstances the dosimeter clearly dem-

onstrated that the actual radiation field and the

field delineated by the light localizer were not the

same because of a misalignment of mirrors.

In doubtful situations of radiation-dose distri-

bution in laboratory animals the solid chemical

device has been a definite aid. For example, in a

radiobiologic experiment, in which X-rays had

retarded the healing of flank wounds, 2X2 cm,

guinea pigs were completely shielded except for
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the surgically created skin defect and an area, 4 X

4 cm, exposed to radiation/- A wound exposure of

750 roentgens at 100 kvp with no added filtration

had registered by ionization chambers about 100

roentgens on the side of the animal opposite the

X-rayed wound. This finding raised the question

of volume dose, that is, whether the integral dose

was sufficient to explain the wound behavior on a

generahzed or systemic effect. The HAP dosim-

eter clarified the radiation distribution and essen-

tially ruled out any significant systemic response.

It showed that most of the radiation from the

skin-therapy X-ray unit was absorbed in the first

few millimeters of tissue.

Water is generally accepted as radiation-absorb-

ing material closely equivalent to mammahan
soft tissue. The electron density, number of elec-

trons per gram, of any phantom substance is im-

portant because it determines significantly the

absorption of X-rays in the diagnostic and the

lower therapy energy ranges. For water this comes

to 3.3 X 10^^ a figure obtained by taking the

number of orbital electrons in all the atoms com-

prising the molecule, dividing by the molecular

weight and multiplying by Avogadro's number

(e.g., 10/18 X 6.02 X 10'^). Paraffin matrix dosim-

eters containing chloroform and bromoform will

have electron densities ranging from 2.8 to 3.0 X
10-^ with the chlorine compound associated with

formulations more like water in this respect.

About a three molal concentration of chloroform

in paraffin gives a specific gravity of one. Bromo-
form in paraffin results in the following specific

gravities: 0.5 molal less than 1, 1.0 molal about

1.05, 1.5 molal about 1.10, 2.0 molal about 1.20,

and 2.5 molal about 1.25.

Element percentage composition will depend

upon the ratio of halogenated hydrocarbon to the

matrix. The amount of dye is so small that it can

be considered of little or no consequence. A one

molal chloroform phantom will have approxi-

mately the following: carbon 77.1%; hydrogen

13.3% and chlorine 9.6% by weight. Average soft

tissue composition is reported as carbon 14.9%,

hydrogen 10.0%, nitrogen 3.5%, and oxygen 71.6%

by weight. The Z equivalence of the HAP dosim-

eter for different kinds of radiation is being in-

vestigated and more precisely defined.

Discussion. HAP dosimeters began as rela-

tively crude formulations but gradually evolved

into a respectable chemical system that may be

opening a way to solid state organic chemistry.

The solid matrix is undoubtedly the component

most responsible for producing a practical phan-

tom dosimeter. The relative ease with which color

changes are obtained in such a device indicate

that it possesses a high G value or enhances color

changes in the dye indicator.

Synthetic or plastic materials as the matrix can

have definite advantages. They can make the

HAP system firmer in structure and by poly-

merization techniques can permit the casting of

models with the application of little or no heat.

A wider choice of materials could mean a greater

control of electron density, specific gravity and

Fig. 12. Molded solid block of in-phantom dosim-

eter representing a human head and neck.

could result in tissue equivalent phantom dosim-

eters that could be transparent or translucent.

Some thermoplastics may be of value but the best

possibihties are with photosensitive plastics.

There are troublesome variables in the behavior

of paraffin waxes due to minor but influential dif-

ferences in composition. The paraffin waxes have

not been made chemically pure in the sense of

other organic compounds. Their physical and

chemical properties vary according to the origin

of the crude oil and the method of processing and

refining. Because of the demands for purer waxes

in the packaging industry, more refined agents

are becoming available and these are working well

in the dosimeter. Perhaps there is sufficient need

for a synthetic paraffin wax material whose mo-

lecular size and configuration could be more pre-

cisely controlled.

Because it is in a solid form, with minimum
diffusion of its more liquid or volatile compo-

nents, the in-phantom dosimeter retains the par-

ticular color induced in a specific part of the ge-

ometry. This permits several colors or degrees of

a color to be present at one time, something that

is impossible in a hquid dosimeter. Phantoms with

three and more colors or rainbow patterns are a

definite possibihty. A combination of methyl

yellow-chloroform and dithizone-carbon tetra-

chloride have produced green to yellow to red

changes with the rising dose of radiation. In this

difficult-to-control dosimeter it has been necessary

to add small amounts of aniline or similar com-

pound to lower the sensitivity of methyl yellow so

its conversion to red would follow the disappear-

ance of dithizone green as the dose increased. The



DOSIMETERS: SOLID "PHANTOM' 288

azo dye, 4-phenylazodiphenylamme,_ in mixtures

containing bromoform has resulted in a few fine

examples of dosimeters with multicolored dis-

plays of dose. In the latter instance the phantom

has changed from a bright yellow through a red

phase to an ultimate deep purple.

One can expect more stable, more sensitive and

better-controlled HAP formulations. Fluorinated

compounds, for example, should offer less sensi-

tivity to visible and ultraviolet Hght, also give the

dosimeters a Z value close to tissue, and not

create a problem of radioactivity upon exposure

to thermal neutrons. In view of the thousands

upon thousands of possible and untried halo-

genated compound-dye-matrix combinations ex-

pectations of substantial improvements in radia-

tion chemical dosimeters are a statistically vahd

conclusion.

This system may shed new hght on dye and

indicator phenomena. Whether the indicators

form an attachment with the matrix molecules

and therefore are dyes in the strictest sense of

the word has yet to be determined. The HAP
formulation may be introducing a new concept

that involves a yet undefined color complex that

is different from presently known machanisms.

The inconsistencies with Beer's Law need ex-

plaining. Whether it is simply a matter of en-

hancement of change in the indicator for a given

radiation dose or whether it is a greater yield

(higher G value) of the immediate products of

radiation is not known. There may be, however.

Fig. 13. Precipitate forms in X-irradiated tube

(X) while identical unirradiated control (C) re-

mains unchanged. The dosimeter consists of bro-

moform and 4-phenylazodiphenylamine in mineral

oil.

V
J
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^'

^

f 4 m ^

X

Fig. 14. Photomicrograph (500X) of a chloroform-

methyl yellow-beeswax-paraffin dosimeter sho^ys

color' centers suggesting it is at least a diphasic

system. The material was allowed to sohdify be-

tween a glass slide and a coverslip.

a lead toward resolving at least a few of the ques-

tions that have arisen. In some of the mineral oil

systems it has been observed that in time a pre-

cipitate (Fig. 13) develops in the irradiated tubes

after they lose their radiation-induced colors.

Learning the nature and amount of the precipitate

may not only help clarify perplexing problems

but may offer still another method of radiation

dosimetry.

So far only a glimpse has been achieved into

the underhung basic mechanisms of this new kind

of dosimeter. Perhaps the observations made
through a conventional laboratory microscope

with magnifications ranging from three to nine

hundred hold important clues. These studies re-

veal the paraffin base dosimeter as having charac-

teristic textures and patterns indicating that it

probably is not a single-phase system (Fig. 14).

The findings suggest color centers or interstitial

areas of color. It is believed that the studies show

the formation of a matrix or lattice with color

spots appearing predominantly if not exclusively

in the interspaces.
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To preserve an exceptional radiation-exposed

phantom for long periods one can take advantage

of the effects of temperature on physical state.

The paraffin-base system can be kept for weeks

or months with its patterns of dose intact by

storing it in a refrigerator. A cool or cold dosim-

eter apparently reduces diffusion of the radiation-

induced colors and protects against color fading.

It must also be kept in mind that a truly quan-

titative reading of radiation dose in relation to

color intensity will probably have to take into

account the temperature effect. A temperature

correction factor will undoubtedly be necessary in

the calculation of absolute dose as indicated by

the degree of a specific color. During recent

studies a temperature correction factor was ap-

plied with Httle difficulty.

Alger, Anderson, and Webb/'' in their compre-

hensive low temperature irradiation studies of

simple organic compounds that were made solids

at -196°C, describe properties that in some re-

spects resemble the room temperature hard par-

affins. They stated that water may decrease "the

efficiency of radical production" and that color

centers formed by radiation "bleach out" when

the system is "allowed to warm up." The paraf-

fins used in their work had no added dye or halo-

genated compound and had a relatively short

carbon chain. Electron paramagnetic resonance

data of the same authors indicate that their ali-

phatic compounds were not disrupted randomly

by ionizing radiation but produced more perma-

nent alterations on the molecule at specific loci

regardless of where the initial assault might have

occurred. The paraffin in-phantom dosimeter

probably causes similar flows of energy along

molecules and under some conditions may even

transfer the radiation effect to other components

of the system with little or no permanent altera-

tion in the matrix molecule.

Pauling^* in his molecular theory of general

anesthesia postulates that non-hydrogen-bonding

type of compounds such as chloroform and 1,1,1-

trifluoro-2-chloro-2-bromoethane operate by in-

creasing the impedance of the neural network of

conductors and that this is the result of hydrate

microcrystals. Bromoform and many other halo-

genated hydrocarbons are similar to chloroform

chemically and possess anesthetic properties. It

may be that the profound effects of water in the

HAP system can be explained on the basis of a

disruption of delicate spatial relationships by hy-

dration or an attempt at hydration of the halo-

genated hydrocarbon.

Many chemical and physical methods of meas-
uring changes in the solid dosimeter, other than

quantifying directly the radiation-induced colors,

will be tried. The approach of choice will depend
upon the products of radiation, that is, whether it

is the free halogen or the halogen acid that must
be quantitatively determined. It is not known
whether radiation causes the free halogen or the

acid to chemically alter the azo group with its

observed colors. Whichever it is, one specific

method holds promise and should be mentioned

before closing this chapter. This is an electro-

chemical technique in which a probe or probes

with electrodes are placed on or into the dosim-

eter to test radiation-produced changes in the di-

electric, insulating, or conducting properties of the

system. The sensitivity of the HAP dosimeter

could be increased considerably by simple electro-

chemical instrumentation.

Addendum

From recent studies it appears that anthra-

ciuinone dyes may be as sensitive as azo compounds
in the halogenated hydrocarbon-paraffin base do-

simeter. Oil Blue in particular shows promise as it

changes from blue to green to yellow to pink with

increased radiation dose.

Current work also shows that water-extractable

acid follows Beers Law to some extent. After the

same radiation exposure pH changes reflect the

concentration of the halogenated hydrocarbon.

Whether this response is linear is uncertain.

In the discussion mention is made of a precipi-

tate forming in a mineral oil base dosimeter. The
colored deposit is usually seen in the systems hav-

ing lower concentrations of halogenated hydrocar-

bons and the precipitate can be dissolved by in-

creasing the molaUty of the halogenated compound.
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DOSIMETRY, CHEMICAL

Chemical systems of many kinds have been in-

vestigated as radiation dosimeters. One of the

earhest and possibly the most successful of these

is 1 mM FeSOi in 0.8 N H2SO4 . The action of the

radiation oxidizes the ferrous ion to ferric. The

presence of the ferric ion is detected and the

amount is measured spectrophotometrically with

ultraviolet light, in the vicinity of 3000A. With a

few basic precautions, this dosimeter gives reliable

and reproducible results in the hands of many ex-

perimenters. At least over the ordinary practical

range, this response is sensibly independent of

dose rate. The mechanisms involved in the oxida-

tion are thought to be understood.

The absohite response of chemical systems is

usually stated in terms of G, which represents the

number of changes (oxidations in this case) per

100 ev deposited. For the ferrous sulfate dosimeter,

G = 15.5, at least for the high-energy region, with

some evidence of decrease by 10 per cent or so

within the conventional X-ray region. This value

of G is adequate for laboratory conditions but

Hmits the practicality of the dosimeter for field

use. Another drawback for field use is a perceptible

upward drift in the ferric ion content without irra-

diation; controls must be carefully maintained for

comparison. This dosimeter is useful for assessing

absorbed doses usually in the range 1000 to 40,000

rads.

One approach to alleviating the relative insensi-

tivity and instability of the ferrous sulfate dosim-

eter is to add other chemicals. Benzoic acid appears

to be an additive of choice. Apparently the ferrous

ion enters into an ionic complex with the benzoic

acid and achieves thereby greater stability. Fur-

ther, the benzoic acid also enhances fourfold the

oxidation to ferric ion in the presence of radiation.

A suitable proportion would be: 0.926 mM FeSO^

and 1.32 mM benzoic acid in 1.0 N H2SO4 .
The

determination of ferric ion produced is also ac-

complished at about 3000A with a spectrophotom-

eter.

Numerous other systems may be used for spe-

ciahzed or laboratory purposes. In one, eerie sulfate

is reduced to cerous sulfate ; in another, a dye is

changed from the colored form to a clear form.

Both of these are particularly useful when informa-

tion is reciuired in dosage ranges greater than that

available with ferrous sulfate. Chlorinated hydro-

carbons are used throughout a range overlapping

ferrous sulfate. In these, advantage is taken of the

appearance of HCl as one of the products of radia-

tion decomposition. The presence of the HCl may
be detected by conductivity measm-ements or by

incorporating in the dosimeter a pH-indicating dye.

In many instances dosage information is reciuired

in an extensive medium of approximately unit den-

sity. Ionization methods have been used. These

suffer both from problems of perturbation of the

radiation quantity measured (caused by the ioniza-

tion detector), and from problems of interpreta-

tion. The chemical dosimeter, on the other hand,

tends to be approximately unit density and thus

causes no perturbation per se.

References

1. Hine, G. J., and Brownell, G. L., eds., "Radiation
Dosimetry," Academic Press, Inc., New York,
1956.

2. Weiss, J., Allen, A. 0., and Schwarz, A. A., "Use
of the Fricke Ferrous Sulfate Dosimeter for

Gamma-ray Doses in the Range 4 to 40 kr,"

Proc. Inter7i. Conf. on Peaceful Uses of

Atomic Energy, 14, 179, Geneva, 1955. U.N.,

New York, 1956.

3. Schuler, R., and Allen, A. 0., "Yield of the

Ferrous Sulfate Radiation Dosimeter," An
Improved Cathode-Rav Determination: J.

Cheyn.Phys. 56 (1956)

4. Taphn, G. V., "Development of Direct-Reading
Chemical Dosimeters for Measurement of X-,

Gamma, and Fast Neutron Radiation," Proc.

Intern. Conf. on Peaceful Uses of Atomic
Energy, 14, 227, Geneva, 1955. U.N., New
York, 1956.

5. Adams, G. D., and Balkwell, W. R., "A Stable,

Sensitive Iron Dosimeter," Radiation i?e-

searc/iT, 298 (Abstr.l), (1957)
Gail D. Adams

DOSIMETRY: ENERGY-INDEPENDENT ROENTGEN ELE-

MENTS*

Tlie roentgen element is m principle a vacuum
photocell which is sensitive to X- and gamma
rays. Because of the high energy of the electrons

liberated in the cell, it is possible to charge the

cell, in contrast to a photocell for visible light, to

high potentials (up to 7 kv). This effect is utilized

for dosimetry in the case of roentgen elements

whose type of construction guarantees wavelength

or energ.y independence as well as dosage propor-

tional to charge.

A diagram of a section through a spherical roent-

gen element is shown in Fig. 1. X- as well as

gamma rays liberate more photoelectrons from the

heavy metal cathode than from the light metal

anode. The emitted electrons travel to the corre-

sponding opposite electrode and the difference of

these two currents (cathode -^ anode, anode -^

cathode) affects the positive charging of the heavy

metal electrode (cathode).

The principle of the roentgen element was known

Fig. 1. Diagram of a section through a spherical

roentgen element.

* Translated from the German by Mrs. Mar-
garet Pfluger, University of Illinois.



291 DOSIMETRY, GAMMA

shortly after the discovery of X-rays and was al-

ready utilized in 1900 by Curie and Sagnac for a

measuring instrument. Later this method fell into

disuse because the current yield was relatively

small, the production of a high vacuum was rather

troublesome, and the effect was strongly wave-

length-dependent. It was not until after B. Hess

in 1941 rediscovered the roentgen element and at

the same time discovered a method to make it

wave-length independent that advanced high-

vacuum techniques made it possible to construct

the roentgen elements in a simphfied form simi-

lar to a radio tube. Hosemann and Warrikhoff de-

veloped, in contrast to Hess (high current yield per

dosage unit), a type of construction which gave a

high potential charge per dosage unit and which

was distinguished by an extremely simple construc-

tion. Wavelength independence was also obtained

by means of a new method of "Ladungstraeger-

filterung" which can be used for all detectors which

work according to the wall effect.

The above-described method of operation guar-

antees a fast response of the instrument and rules

out any appearance of saturation. The roentgen

element is therefore especially suited for investi-

gation of rapidly changing radiation conditions and

for the measurement of large doses. The sensitivity

of a dosimeter of 20-mm diameter, which is similar

externally to a pen dosimeter, is approximately

0.5 v/r, while the wavelength dependence is at

this time ±15 per cent between 100 kev and Co-60

radiation and can still be improved. The roentgen

element can also be so constructed that it is sensi-

tive to neutrons. It is only required that the two
electrodes of such a neutron element possess a dif-

ferent yield of charge carriers when irradiated.

The roentgen element possesses a number of the

advantages of various measuring instruments which
have recently been developed. The vacuum cell of

Day and the Semirad were developed with the

goal of being able to measure large doses. The
Compton dosimeter and the Ohmart cell function

without batteries, but only the roentgen element
measures large doses without batteries and has at

the same time a sensitivity which makes it suitable

for use as individual dosimeters. Also in the meas-
urement of high output X-ray tubes, betatrons,

X-ray flash tubes and reactors, the roentgen ele-

ment demonstrates numerous advantages when
compared to other dosimeters.

Harald F. H. Warrikhoff

DOSIMETRY, GAMMA: A COMPARISON OF ALL KNOWN
METHODS

Irradiation technology is developing fast. Ap-
plications in the fields of health physics, radiology,

radiation chemistry, and reactor technology cover

an immense range of doses from to 100 mr in

tracer applications and personnel monitoring for

safety, to many millions in radiation chemistr3^

Accelerator and radionuclide sources are already

on line, in commercial processes such as sterilizing

sutures and making membranes and wire insula-

tion. Moreover, considering the development in

radiation chemistry, large-volume radiation uses

for chemical industry may become possible in

future.

Essential to this growth is the study of radiation

dosimetry. The measuring methods of the radia-

tion dose may be broadly divided into three

classes: (1) Physical methods, (2) Chemical meth-

ods, (3) Optical methods.
Among these, physical methods are divided into

survey meter method, ionization method, calori-

metric method, and others. The ionization method

is an old one which in the past has been limited to

personnel monitoring for safety and measurements

for radiation therapy, but has been extended re-

cently to the absolute measurement of radiation

energy of large doses, as stated later. The calori-

metric method, which depends on the direct meas-

urement of radiation energy absorbed in a

medium by adiabatic calorimeter, is most reliable,

provided the intensity is great enough to produce

an appreciable rate of heating in medium and the

precautions for heat losses are fully taken. But

these direct methods are not suitable for most

radiation-chemical purposes, since they require

special apparatus and a long time in measurement.

Readout must be quick and simple to meet the

demands of commercial competition.

Accordingly, in many cases it is more desirable

to depend on the indirect methods w^hich depend

on comparing the amount of change in some system

being studied with that in a standard system, the

specific radiation yield of which has been carefully

determined by direct methods. At present, many
chemical and optical dosimeters are proposed for

use.

Physical Methods. Survey Meters. For the

measurement of small doses of X- and gamma-ra-

diation, an ionization chamber has frequently been

used. In Fig. 1 is shown a schematic representation

of gas volume and collecting electrodes, with

potential difference V and the ionization current

/, along with a plot of / versus V that might be

obtained. The value of applied potential must be

taken in such a range so that the ions produced by

irradiation are collected with as little recombina-

tion and as little multiplication as possible. Also,

electrode distance must be selected to be too large

to attain the saturation current; i.e., about 30 cm
for a parallel plate ionization chamber filled with

air at 1 atm. Sice the larger distances became

necessary with the increment of radiation energy,

ionization chambers with gases at high pressure

may be effectively used. In order to overcome the

troubles of producing the ionization chamber

satisfying above conditions, the air-wall ioniza-

tion chamber, i.e., thimble ionization chamber

(Victoreen gamma meter) is proposed for use at

present. For the measurement of ionization cur-

rent, electrometers and amplifiers of various types

have been used for practical instruments. We may

classify these common and relatively inexpensive

instruments into two sorts by the nature of the

current-measuring systems.

Discharge Type Survey Meter. The principle u^^ed
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Fig. 1. Scliematic representation of ionization chamber.

in this sort of survey meter depends on measuring

the change in voltage previously produced on the

collecting electrode by an electrometer. As shown
in equation AV = q/c for a collected charge, q, this

system is useful for the case in which the capaci-

tance c has as small a value as possible (i.e.,

Lauritsen type electroscope). In the survey meter

of this type it is said that the measurement of dose

rate in the range from 0.01 r/min to 5 r/min is

possible. The pocket ionization chamber belong-

ing to this category is most widely used for the

monitoring of personnel radiation exposures. The
pocket meter with a built-in electrometer and scale

is scaled in r units, with full scale corresponding

most commonly to 0.1 or 0.2 r which is principally

effective for integrated dose.

Ion-Collection Type Survey Meter. In the survey

meter of this type, well-known as the pistol type

survey meter, an electronic direct-current ampli-

fier is frequently accepted. The ranges of the

measurable dose are 0-2.5 mr/hr, on up to 0-2500

mr/hr. A vibrating-reed electrometer has also re-

cently been developed as a more sensitive in-

strument than a d.c. amplifier, in which an a.c.

signal produced by converting the IR voltage to an

approximately sinusoidal alternating potential is

amplified in a highly stable audio-frequency am-
plifier. The reeds must be constructed with great

care.

Absolute Measurement of Radiation En-
ergy. The techniques usually employed for evalu-

ation of the radiation energy absorbed are (a)

ionization chamber measurement, (b) calorimetric

measurement, and (c) power input measurement
(i.e., current and voltage).

Ionization. Method. On the basis of certain as-

sumi)tions, L. H. Gray has found that the gamma-
ray energy absorbed in any medium is related in

the following manner to the ionization produced in

a gas-filled cavity in that medium.

E, wp

where
E,:

(1)

unit

W:

the gamma-ray energy absorbed per

volume of the medium per second,

ionization per unit volume produced in the

gas per second.

average energy lost by the secondary elec-

trons per pair of ions formed in the gas (for

example, 32.5 ev in air),

p: ratio of the stopping power of the medium
and the gas for the secondary electrons.

On the other hand, when the cavity is filled with a

solution, e.g., the ferrous sulfate solution in 0.8

N H2SO4 , the above Gray's equation may be

written as follows, because the Compton interac-

tion is thought to be predominate in ^ = 1 mev
and the use of low Z materials

:

Es = Jv-w-p
(NZ),

(NZ),
(2)

where
Es: = energy absorbed per unit volume of solu-

tion.

(NZ) : = number of electrons per unit volume.

The stopping power of any materials for electrons

may be calculated from the relativistic equation

derived by Bethe.
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S =
dE

dX

27re'iNZ)
[K]

where

K = log
'E

2/2(1 - /32)

- [2(1

(3)

(4)

+ ^2] log 2 + 1 + i[l - (1 - /32)^

m = rest mass of the electron,

V = velocity of electron, /3 = v/c

E = total energy rest energy of the electron,

/ = average ionization potential.

Under the principle mentioned above, J. Weiss, W.
Bernstein, and J. B. H. Kuper determined ab-

solutely the G value of the ferrous sulfate solution

by using the parallel plate ionization chamber,

which is composed of front and rear plates coated

with a thin layer of graphite. The sensitive volume
of the chamber was 3.99 cc; the spacing was 7.99

mm. The ionization currents at 450 v were meas-

ured across a 1.013 X 10^ ohm resistor with a

calibrated vibrating reed electrometer. The ion-

nization chamber and the polystyrene solution

cell having the same sensitive volume as the ion-

ization chamber were placed alternately in the

same position in the radiation beam. After due

considerations for the edge effect in the chamber,
the average ionization potential of polystyrene

(according to the Bragg's rule, the average ioniza-

tion potential of a compound is the geometric

mean of the average ionization potentials of the

constituent atoms: small corrections are necessary

because of chemical binding) and w in air were
fully taken into account, the G value, ions oxidized

per 100 ev, was found to be 15.9 ± 0.5 which is in

good agreement to the value by other techniciues.

The equation used in calculation is as follows

:

E.
PU W

RX l.QX lO^i^coul/e) V

X
(iVZ)poly Kpoly _ (NZ), oln

(5)

X
(iVZ)Gas Koas {NZ\,ly

where
P: voltage observed on the electrometer;

R : resistance from collecting electrode to

ground;
U : extrapolation correction due to edge effect

;

V : energy to form one ion pair in the gas;

W: sensitive volume of the chamber;
Recently, for the measurement of a dose rate of

10^ rads/hr of Co^'' gamma radiation a spherical

graphite chamber is proposed bv E. J. Hart, H.

C. Wycoff, et al.

Calorimetric Method. It is possible to perform an

absolute measurement of gamma-ray energy by
means of an adiabatic calorimeter. This method is

particularly suited to the measurement of the very

small temperature rise caused by absorption of

gamma-ray energy. These measurements are neces-

sarily of long duration (i.e., up to four hours) and
it is therefore essential that thermometric and

calorimetric errors should be accurately known
or entirely eliminated. In Fig. 2 is shown the out-

line of the apparatus used by C. J. Hochandel and

J. A. Ghormley, which consists of a cylindrical

copper jacket surrounded with a thin-walled sil-

vered "Pyrex" bulb containing the water sample.

The calorimeter was placed in the center of the

cylindrical cobalt source for measurement at 75 r

per second and placed at the side of the source for

measurement at 25 r per second.

Temperature was followed during irradiation by
means of copper-constantan thermocouples placed

in the water and in the copper jacket. A potenti-

ometer was used for measuring thermocouple po-

tential differences with reference junctions at 0°C.

The temperature of the jacket was continually

adjusted to that of the water using a heater placed

in the cavity of the shield housing the cobalt. The
rate of energy absorption in the sj'^stem was calcu-

lated from the measured rate of temperature rise

and the calculated heat capacity of the system.

The rate of energy absorption in the water alone

was calculated from the assumption in which the

amount of energy absorbed by the glass was pro-

portional to its fraction (4.8 per cent to 5.9 per

cent) of the weight of the system. In determining

the amount of gamma-ray energy absorbed by
the ferrous sulfate solution it was assumed that the

absorption energy was greater than that in water

by the ratio of their densities: i.e., 1.025. The heat

capacity and energy absorption by the thermo-

couple were negligible. The calorimetric measure-

ments are summarized in Table 1.

A calorimetric calibration for gamma rays was

also made by R. M. Lazo, H. A. Dewhurst, and M.
Burton, on whose experiments the assumptions in

regard to glass fraction correction and heat ca-

pacity of the system were eliminated. The value,

G = 15.6 ± 0.3, was almost the same as the Ho-
chandel-Ghormley value within the limits of error.

This value based on calorimetric measurement of

energy absorption is believed to be more valuable

than those based on ion-chamber measurements,

since the uncertainties inherent in calculating

energy absorbed in the condensed medium from

the measured ionization in air are eliminated.

Other Methods: Photovoltaic and Solar

Cells. A CdS photovoltaic cell and silicon solar

cell consisting of an np junction formed by dift'u-

sion of boron into 0.1 -ohm cm n-type silicon are

also capable of measurements at dose rates of

400 to 108 j./hr. The limitation of the useful life

due to damage (about 10^ r) is recovered by an-

nealing. From 200 kev to 1.25 mev only a very

small dependence of photovoltage on photon

energy for silicon solar cells may be found. Fig. 3

shows the open-circuit voltages of the solar cell as

a function of photon dose rate. Above 10" rep/hr

the response of the cell begins to decrease, but the

data indicate sensitivity of response to nearly 10^°

rep/hr.

Such photovoltaic cells are particularly interest-

ing for gamma-ray dosimetry because of their

stabilitv and wide range of response (lO-lO^o

rep/hr). Recently, photovoltaic cells constructed

of gallium arsenide, aluminium antimonide. or
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Cobalt in walls of
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positioner

Styrofoani

Fig. 2. Calorimeter for measurement of gamma ray energy absorbed m water.

Table 1. Summary of Results for Calorimetrically Determined Yield for Ferrous

Sulfate Oxidation by Gamma Rays.

Heating rate (°C/min)

Wt of water (g)

Wt of glass (g)

Total heat capacity (cal/deg)

Energy abs. in system (cal/min)

Energy abs. in water (cal/g/min)

Energy abs. in solution (cal/ml/min)

Fe++ oxidation (IQ-^ M/liter/min)

G(Fe+++/100 ev)

300-cune source

15 r/sec

0.0104

5.98

0.30

6.03

0.0628

0.0100

0.0102

69.0

15.5 ± 0.

0.00936

5.18

0.26

5.22

0.0488

0.00898

0.00925

62.5

15.6 ± 0.3

•-25 r/sec

0.0033

5.18

0.26

5.22

0.0174

0.00320

0.00330

21.8

15.2 ± 0.

1500-curie source
^^225 r/sec

0.0340

2.72

0.17

2.74

0.0932

0.0323

0.0332

229

15.9 ± 0.4

cadmium telluride are provided for the more sensi-

tive and convenient cells for mapping gamma-ray

fields or determining gamma or X-ray dosages.

Chemical Method (Chemical Dosimeters).

Fricke Dosimeter. This dosimeter, the most

typical one, is widely used for most radiation-

chemical work, its properties having first been

published by H. Fricke in 1927. The principle is on

the measurement of ferric ion produced by gamma-

ray irradiation of the air-saturated solution of
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ferrous sulfate in 0.8 A^ H2SO4 . The standard

solution consists of lO^^-lQ-^ M of the salt in an

air-saturated 0.8 iV H2SO4 . The ferric ion concen-

tration as pointed out by Hardwick can be deter-

mined very sensitively by spectrophotometric

measurement of absorption at 305 myu.

Characteristics of Fricke Dosimeter . Concentra-

tion of Fe++ and H+. The available concentration

of ferrous salt is said to be 10"2-10"^ M, in which
range the amount of Fe^^ oxidized is proportional

only to gamma dose. Generally, 1 X 10"^ M of the

salt is widely used. Lowering of the G value is ob-

served at [Fe2+] < 2 X 10-5 M.
For the concentration of H+ it is most desirable

to use to use 0.8 N H2SO4 in which the effect of

the energy of gamma rays is not at all recognized,

while 0.2-1.5 N H2SO4 may be used. Lowering of

oxidation rate on below 0.1 N is observed by Dain-

ton. Miller also points out the lowering of the re-

producibility due to the precipitation of Fe(OH);}

and the formation of gel caused by irradiation, in

case of much lower [H+].

Effect of Dissolved Oxygen. Figure 4 shows the

relation between radiation dose and the amount
of Fe"^"^"^ formed in the air-saturated solution of

ferrous sulfate (1 X lO^^ M) in 0.8 N H2SO4 . The
linear relationship is maintained to about 5 X 10* r.

The decrement of Fe+++ amount for doses over

5 X 10'* r is caused by the consumption of dissolved

oxygen. On these points, the precise theoretical

studies are given by A. O. Allen et al., and by S.

Tsuda. In case of oxygen-saturated solution, the

upper limit of measurable dose rises to about 2 X
105 r.

A. Danno et al. find that the nitrogen-saturated

solution is useful for the measurement of the dose

up to 3-5 X 10« r, although of course the G value

may decrease.

Effect of Impurities . One disadvantage of the

Fricke dosimeter is its sensitivity to organic im-

purities, which increase the 3deld over the stand-
ard value. Accordingly, to make up this dosimeter
it is always necessary to use extremely pure water.
Pure water is usually made by distillation in all-

glass apparatus from alkaline permanganate, next
from potassium hydrogen sulfate, and finally in an
all -quartz apparatus.
On the other hand, however, an inhiVjiting ef-

fect of chloride is reported by Dewhurst, and its

mechanism proposed by Kurien et al. is as follows.

Through reactions (6) and (7), RO2 oxidizes three
ferrous ions. Accordingly, that portion of the OH
radical yield which reacts with the organic com-
pound ultimately leads to a higher value of

<7(Fe + + + ). ,

^.

RH + OH -^ R + H2O (6)

R + O2 -> RO2 (7)

However, when sufficient chloride is present, all

free OH is presumed to react with chloride ion to

produce a chlorine atom which in turn oxidizes a

ferrous ion. Thus, the net value of G(Fe'*'"^''") is

unchanged.

Effect of Temperature. Effect of temperature on
G value is hardly recognized over the range of

to 50°C.

G{Fe^'^) Value. The determinations of G value

are performed by a number of authors (Miller,

Weiss, Hardwick). At present, the accepted value

is 15.5 for gamma rays.

Reaction Mechanism in Fricke Dosimeter.
The reaction scheme is as follows:

H2O -v--^ H,OH,H2,H202

H2O2 + 2Fe++ -^ 2Fe +++ + 20H- (8)

OH + Fe + + -^ Fe +++ + OH" (9)

H + O2 ^ HO2 (10)

H+ + HO2 + Fe++ -> Fe+++ + H2O2 (11)

Since each peroxide molecule oxidizes two ferrous

20 40 60 80 XC 120- lAC IhOlSZ 200 220

Dose (r x 10"-^)

Fig. 4. Relation between radiation dose and the

amount of Fe""" formed.
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ions, each OH radical one, and each H atom three

(via reactions 8, 9, and 11 ) , the total yield observed

G(Fe +++)air = 2G(H20o) + G(OH)

+ 3G(H)

= 2G(H2) +G(B.) +3G(H)

= 2G(Ho) + 4G(H)

(12j

where GiUo) and G(H) show the G value of the

initial yield of H2 and H shown in above equation.

Accordingly, we can estimate the G(Fe+++)

value by using the value of GiB-2) and G(H) de-

termined by Johnson and Weiss. That is to say

(12) takes the value

G(Fe+++), 2 X 0.40 + 4 X 3.67 = 15.48 (13)

The correspondence of G(Fe+++)obs and

G(Fe+++)caic is very good. Besides, the explana-

tions for reaction mechanism, lowering of

G(Fe + + +
) value and effect of dissolved oxygen in

acid concentrations below 0.8A' H-2S04 are given

by A. O. Allen and S. Tsuda.

Measurement Method of Dose Rate by Fricke

Dosimeter. The recommended recipe for this dosim-

eter reads simply as follows: "Dissolve 2 grams

Fe(NH4)2(S04)2-6H20, 0.3 gram NaCl and 110 cc

concentrated (95-987o) H2SO4 (analytical reagent

grade) in sufficient distilled water to make 5 liters

of solution."

Dose rate, R (r/hr) can be calibrated by the

following equation.

R =
(K - Ko) X 6.023 X 10^^ X 10'=^

G-d-t X 93 X 6.242 X lO^^ X 10~^

where,

e:

G:

d:

t:

Ko

(14)

305molar extinction coefficient of Fe^^ for

niM-

G(Fe3 +
) value

density of solution

dose hour (denoted by hr)

extinction coefficient of solution before ir-

radiation

K: extinction coefficient of solution after ir-

radiation.

Although the e value may change a little with the

kind of spectrophotometric apparatus and tem-

perature for which the increment of 0.7 per cent

per degree centigrade is found, e = 2201 at 25°C is

usually accepted. And also d = 1.024 (25°C) is

given by Weiss. Using G = 15.45 Eq. (14) takes

the form of Eq. (15)

:

R = 2.918 X 104 X
Ko

(15)

Moreover, since even in 0.8 N H2SO4 the presence

of 50 micromols ferrous ammonium sulfate is found

to increase the extinction coefficient by 4 per cent,

effect of concentration must specially be con-

sidered for the exact measurement of gamma dose

rate.

Improvement of Fricke Dosimeter and its Applica-

tion. A few studies have been performed for the

improvement of the Fricke dosimeter. For exam-
ple, A. Danne et al. have developed the ferrous-

cupric sulfate dosimeter for high dose. It is said

that the ferrous-cupric sulfate is useful for high

dose measurement owing to low value of the

G(Fe^^) and independence of oxygen concentra-

tion, and when the concentration of Cu2+ is about

ten times as much as that of Fe^"^, it becomes pos-

sible to measure the dose range up to 8 X 10' r.

The accepted reaction mechanism is as follows:

Cu2- -f H Cu- + H

Fe^^ + Cu" -^ Fe2+ + Cu^"

(16)

(17)

As the reaction (16) is said to occur very easily,

G(Fe3'*"), for example, on the addition of 0.1 M
Cu^^ may V)e given as

G(Fe3-) =

G(()Hj + 2G(H202) - G(H) = 0.8 (18)

The precise discussions on the effect of the con-

centration of Cu2+ are also given by E. J. Hart

and S. Tsuda.

Very recently, a series of the ferrous sulfate-

benzoic acid dosimeters of high sensitivity have

been developed by G. D. Adams et al. The results

summarized are as follows:

1. Ferrous sulfate-benzoic acid with oxalic acid

additive exhibited higher sensitivity as mixed but

lost the oxalic acid effect in about 1 month.

2. Ferrous sulfate -benzoic acid with tartaric

acid additive exhibited a post -irradiation sensi-

tivity increase extending over a few days.

3. Combination of aliphatic carboxylic acids,

in which a radiation effect appears to be the forma-

tion of a ring structure.

4. Complex systems in which apparent sensi-

tivity at least 40 times that of ferrous sulfate is

observed, increasing to 60 times after an additional

30 minutes. But a more complete publication of

these data has not yet been made.

Application for Atomic Reactor. Thermal neu-

trons in atomic reactors are usually associated

with gamma background. Pile irradiation effects,

either chemical or biological, are over-all due to

both of these radiations. R. H. Schuler et al. pro-

posed the method to estimate the contribution of

thermal neutrons and gamma radiation separately

by a Fricke dosimeter containing H3BO3 ,
while

the gamma background itself must be previously

measured bv one having no H3BO3 . In the former

case, the oxidation of Fe^+ is induced by recoil

nuclei, He^a-rays) from B^Hn,a) LV reaction and

Gb (Fe'+ + + ) is estimated at 4.2 with the application

of the following expression:

GB(Fe+++)

(Fe+++)

OiiBOz)-(T^-n-t-Eo(B)y
X 100 = 4.2

(19)

where,
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(jPe+++) : Number of ferric ions produced only

by {n,<x) reaction

(H3BO3): Number of molecules of boric acid

o-B : Cross section of boron for thermal

neutron, taken as 755 X 10^24 cm^

n: Thermal neutron flux

t: Duration of irradiation in sec

Eo(B): Average energy (ev) absorbed by the

solution from heavy particles recoils

taken as 2.35 X 10'' ev per nuclear

event

7

:

Correction term for the absorption of

gamma radiation from (n,a) reac-

tion, taken as 1.007.

T. Titani, M. Kondo, et al., estimate the neutron

flux in JRR — 1 (atomic reactor in Japan Atomic

Power Research Institute) by applying this

method. For the irradiating vessel, quartz of high

purity must be specially used, because the content

of Na, easily activated, is frequently seen in usual

quartz

.

Ceric Sulfate Dosimeters. This method de-

pends on the reduction of Ce^+ in 0.8 N H2SO4
,

the disappearance of Ce"*"^ being measured spec-

trophotometrically at 320 to 330 nifx. Its molar

extinction in 0.8 N H2SO4 at 25°C is 5580. The G
value for the reaction is 2.34 to 2.45 and the fol-

lowing scheme is proposed for

£>(;(ceric)(rads) =

- 2.32 X 108 log [1 1.16 Ce3+] (25)

H + Ce^+ = H+ + Ce= (20)

In the presence of oxygen

HOo + Ce4+ = H+ + Oo + Ce3+ (21)

H+ + OH + Ce3+ = H2O + Ce4+ (22)

H2O2 + 2Ce4+ = 2H+ + O2 + 2Ce3+ (23)

Accordingly, Eq. (24) is derived.

(?(Ce3+) = G(H) - G(OH) -f 2G(H202) (24)

The variation of G value is caused by the sensi-

tivity of this dosimeter to the presence of impuri-

ties. On the other hand it has the advantage that

the yield is independent of the presence of oxygen.

Accordingly, it is said to be a suitable one for the

measurement of high dose. S. I. Taimuty, L. H.

Towle, and D. L. Peterson have recently shown
that it is very useful for the measurement at 10^-

10^ rads because of constancy of G value (2.50 =t

0.026) below 35°C, independence of ceric concen-

tration ranging from 0.001 M to 0.05 M, if careful

consideration is paid to purity of water and ceric

reagent (for example, G. F. Smith reagent ceric

sulfate and Adamson reagent ceric ammonium sul-

fate may successfully be used). J. T. Harlon and

E. J. Hart have also given precise explanations on

the maximum doses measured with ceric solutions

at high concentrations (0.39 M) and on the char-

acter of the response curves at large doses. The
upper limit of dose is 1.4 X 10^ rads at dose rates

of at least 10^ rad/hr and the resulting empirical

dose-response equation for 0.39 M ceric solution is

as follows, where G value increases to 3.1.

Methylene Blue Dosimeter. This dosimeter

has been proposed by Shekhtmann et al. and

checked by Goldbligh et al. Together with ease of

the preparation of the solution, it has disadvan-

tages that the variation of optical density is not

linear with dose and also the accuracy of meas-

urement is not too high. At present, this is rarely

used.

Benzene-Water Dosimeter. The formation of

phenol is reported by G. Stein and J. Weiss in the

irradiations of saturated solution of Vjenzene in

water. Figure 5 shows the yield of phenol plotted

against dose. Phenol is determined colorimetri-

cally by the Folin-Ciocaltau reagent (Snell,

"Colorimetric Method of Analysis," Vol. 2, 1937).

The existence of a breaking point can be inter-

preted as caused by exhaustion of the dissolved

oxygen initially present. It is said that the yield

of phenol is almost independent of variations in

pH within a wide pH range, but rises slightly at

very high pH values. This dosimeter has the ad-

vantages that the preparation for the solution is

very easy and, also, the solution is stable for a

long time, but on the other hand, it has the dis-

advantage that the dependence of yield of phenol

on the concentration of benzene is recognized. For

instance, at tenfold dilution of a saturated solu-

tion of benzene in water (containing approxi-

mately 0.15 per cent of benzene) the yield drops

by only 20 per cent. M. E. J. Carr reports that it

is possible to estimate the phenol directly by using

its ultraviolet absorption at X = 2700A.

Chlorinated-Hydrocarbon Systems Dosim-
eter. Since the radiation sensitivity is generally

high in the chlorinated hydrocarbons, some were

found to be well-suited for quantitative estimation

of a relatively small dosage, as follows.

Nonaqueous Solvents System. Systems contain-

ing dithizone, methyl yellow, 2-hydroxy-4-nitro-

phenylazo-/3-naphthol, resazurin and mixtures of

the last two -^ach in chloroform, carbon tetrachlo-

ride and ethanol in various combinations have

been developed by G. L. Clark et al.

Dithizone. From the relations between the

amount of solutes reacting, as determined by a

spectrophotometer, and dosage, a dithizone solu-

tion of 5 X 10"^ M as dosimeter was found to give

the most desirable properties. The addition of

ethanol reduces the amount of dithizone reacting.

In chloroform solution Giinther and Cronheim

l)roposed a reaction as follows:

CI- + CHCl, -^ HCl + CCl:r (26)

CClr + CHCI3 ^ CI- 4- CCl,CHCl2 (27)

CI- + CHCI3 -> HCl + CCl:r (28)
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aN=N—C—N—N-

' S

CI-

.N=N—C—N—N—^^^ _C1

H '^\^

S

-N=N—C—N=N

(29)

Methyl Yellow. It should \)e noted that the ef-

fect of radiation depends on the solvent. In chloro-

form a red color develops on irradiation which in-

dicates that an acid is produced in the chloroform.

When carbon tetrachloride is the solvent, no red

color is produced and thus irradiation of carbon

tetrachloride does not produce an acid but another

reactive entity which reacts with methyl yellow

and reduces its concentration. The proposed re-

action is as follows:

In chloroform,

-N=N

H
)N—

N

N(CH3)2 + HCl

^N(CH3)2+ + Cl-

(30)

In carbon tetrachloride,

\n=n/ \n(CH3)2 + CI- -^

ci/ \n=n/ ^
(31)

yN(CH;0.2

Cl/ \n=n/ Sn(CH3)2 ^
(33)

>N(CH3)o

H H
Thus, the conjugated double-bond structure of

methyl yellow is destroyed and the molecule loses

its yellow color.

2 - hydroxy - 4 - nitrophenylazo -13 - naphthol. Solu-

tions of 2-hydroxy-4-nitrophenylazo-|S-naphthol

10 2C

Tin.e of irradiation (r.iin)

Fig. 5. Irradiation of saturated solution of ben-

zene in water in the presence of air.

ill etliaiiol are not affected by X-radiation, but

when halogenated hydrocarbons are added as

sensitizers this compound is decomposed by the

action of X-rays. The compound was found to

exhibit the same radiation-induced changes in

the presence of both carV)on tetrachloride and

chloroform in the solvent.

The mechanism for the reaction can ho written

OH
I

HO

/ \x=n/ \nOo + HCl
\=/ ' Cl-

o
(34)

HO

c/ V_^t_n/ \n02

H

Resazurin. In ethanol solutions resazurin is not

affected by irradiation, but when halogenated

hydrocarbons are added as sensitizers it is de-

composed on irradiation. Carbon tetrachloride is

found to be much more effective. The mechanism

of the irradiation-induced change can be written:

HO—

^

(35)
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Fig. 6,

Table 2. An

Component

10"

Log Dose (r)

, Calibration of N2O dosimeter.

Example of Chemical Composition
OF Cobalt Glass

Mole %

SiOo
NaoO
B2O,
AI2O3

62.5]

6.0J

But, it is necessary to take good care of light sen-

sitivity which is an undesirable property for any
system being used as a practical dosimeter.

Aqueous Solvent System. Chloral Hydrate Solu-

tion. Aqueous solutions of chloral hydrate, CCI3H-
(OH) 2 , have been studied by A. Hilsenrod and by
M. Kondo to determine X- and gamma-ray dos-

ages. The main product of radiolysis is hydro-
chloric acid and its production is proportional to

dose at a given dose rate. For example, in the case

of concentration of chloral hydrate being 1 M in

the air-saturated solution, a constant yield of

HC1(G^^(HC1) = 166) has been recognized to 5500

rep at dose rate of 14900 rep/hr. The quantitative

determination of HCl can be carried out with high-

frequency titration by 0.01 N Na2C03 solution,

or 0.01 N AgNOs solution, and also by conduc-

tivity measurement using platinum electrodes.

But this system has the disadvantage that the G
value depends on concentration, dose rate, and
oxygen concentration. A high G7(HC1) value in

this reaction indicates the reaction is a chain one.

Chloroform, Carbon Tetrachloride, Trichloro-

ethylene, Tetrachloroethylene Solutions. In these

systems, which have principally been developed by
G. V. Taplin, high G(HCl) values are generally

found, but at the same time the strong dependence

of G value on impurities, dose rate, and tempera-

ture is also found. Many studies on the effect of

stabilizers, i.e., ethanol, resorcinol, decyl alcohol,

and hexyl alcohol, have been made in order to

H
I
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•H
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o
•H
-P
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u
o

rap - SOO rnjj. -
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Dose re^

Dose r^l'

Fig. 7. Change in optical absorption of cobalt glass after irradiation with Co*- gamma
raj^s. Insert shows change at low doses.
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make these dependencies as little as possible.

Taplin also proposes the new methods measuring

the change of color in the solutions in which such

a pH indicator as bromocresol purple is previously

added. These solutions are divided into two types

:

(1), two-phase system, containing a relatively

large amount of dye solution on the layer of the

chlorinated hydrocarbon solution, and (2), single-

phase system, in which the chlorinated hydrocar-

bon solution is saturated with the dye solution.

Each of these, in the presence of adequate sta-

bilizers, is suitable for the measurement of a rela-

tively small dose (10-1000 r). Since tetrachloro-

ethylene is more stable thermally and has a higher

G value than the one in chloroform, the two-phase

system dosimeter of tetrachloroethylene-dye sys-

tem is said to be effective.

Plastics Dosimeter. Most plastics on irradia-

tion exhibit several types of changes which depend

only on total dose. Among radiation-induced

changes, color changes and such chemical changes

as polymerization, degradation, or gas evolution

have potential value for dosimetry.

Color Changes. Ionizing radiation causes colora-

tion in many plastics. For example, coloration of

PVC (polyvinyl chloride) by irradiation is proba-

bly caused by dehydrochlori nation, proportional

to absorbed dose. Accordingly, rigid PVC of stand-

ard quality is effective for measurement in the

range of 10^ to 10^ rads. Since the presence of plas-

ticizer, stabilizer, pigment, or dye may also change

color response, special precautions for the selec-

tion of material must be taken. Specially dyed

plastics containing an acid-base indicator dye in

the PVC film afford an elegant method which de-

pends on measuring with a spectrophotometer

the color change after irradiation.

Table 3. An Example of Chemical Composition

OF Silveh-activated Phosphate Glass

Component Wt%

A1(P03)3
Ba(P03)2
KPO3

50]

25K8% AgPO-
23)

Polymerization. Suchmonomers as acrylonitrile,

vinylacetate, methylmethacrylate, and styrene

polymerize on irradiation. Accordingly, those

sealed in a dilatometer can serve as dosimeters, in

which contraction is read by a microscope. The
phenomena of these radiation polymerizations are

said to depend strongly on the impurity in mono-

mer. This fact means that the precision depends on

the purity of the monomer used. And also, the sen-

sitivity varies the diameter of the capillary. In

case of acetylene which polymerizes to cuprene

and benzene, the change in acetylene pressure is

effective for dosimetry.

Degradations. Although there are some excep-

tions, polymers with alpha-methyl groups favor

cleavage on irradiation. In this sense polymethyl

methacrylate in solid state can be used for dosim-

etry. Viscosity change is the measure of dose. Also,

polystyrene in carbon tetrachloride sealed in flow-

type viscometer can be used.

Gas Evolution. Gas evolution may occur on ir-

radiation: for example, evolution of HCl in PVC,
p'o in polytetrafluoroethylene under NaOH solu-

tion can be cited. Accordingly, either direct or in-

direct quantitative measurement of the gases is

applicable for the purpose of dosimetry.

Starch-IofUde Dosimeter. The formation of

iodine is found in the solution of potassium iodide

(3.17 .1/ to 0.0286 M) irradiated with hard X-rays,

as studied by E. R. Johnson. Accordingly, a direct

method measuring spectrophotometrically at 350

mju the amount of iodine formed, or an indirect

method measuring the color change of iodine with

starch, are thought to be useful for dosimetry. It

is less effective, however, since the yield of iodine

depends strongly on the concentration of solute,

dissolved oxygen, and in KI solutions below 0.134

M there is considerable departure from linearity.

On the other hand, as the amount of Ho produced

at the same time is proportional to dose up to 4 X
10^ r in the case of 0.1 M KI, the measurement of

gas evolution may be useful in this system.

L. H. Gevantman et al. applied the Kl-starch

system containing agar (1 per cent by weight) in

gels for the tridimensional examination of chemical

svstems, in which the color distribution through-

Quaterphenyl

post -heat

S 109 (rad)

Fig. 8. Relation between luminescence ratio and absorbed dose.
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out the reaction zone is measured photometrically

with a recording microphotometer and a depth-

dose plot is derived.

Nitrous Oxide Dosimeter. Since nitrous oxide

decomposes proportionately to the dosage of the

ionizing radiation, this is useful for dosimeter.

The physical properties of the nitrous oxide, e.g.

ease of purification, and usefulness in the tempera-

ture range of -80°C to 200°C, add to its attractive-

ness. Experimental results performed by P. Har-

teck and S. Dondes are as follows

:

For irradiation in the Co'^" sources, N2O is sealed

in 87 cm^ Pyrex vessels to a pressure of 500 mm at

0°C. After irradiation, the seal is broken in vacuo.

After condensing the N2O remaining, and the NO2
formed, in a liquid nitrogen bath, the N2 and O2

are measured with an alphatron vacuum gauge.

In actual practice, only the sum of the N2 and O2

need be measured. At high dosages, the NO2 may
be measured colorimetrically. The No

, O2 ,
and

NO2 production with varying doses is shown in

Fig. 6. The sum of the N2 and O2 formed is shown in

the curve, as would be measured in normal prac-

tice. At 3 X 10^ to 3 X 10^ r, NO2 is readily per-

ceptible and can be measured colorimetrically,

with the vessel unopened. Above 3 X 10^ r, the de-

composition of nitrous oxide approaches equi-

librium. Accordingly, in this region the dosimeter

is no longer accurate. The main reactions in the

decomposition of nitrous oxide are

N2O --> N2O* 1 N2 + -^ 80% (36)

N2O > N2O+ + e-J
"" K -f- NO - 20% (37)

2N0 + O2 = 2NO2 (38)

NO2 + -> 2N0 (39)

^ NoO + (40)

-^ N2 + O2
N2O+ + NO = N,0 + N0+

(41)

(42)

N0+ + e- = N -f or NO + h^ (43)

The fact that N2O decomposes independently of

temperature, pressure, intensity and of the de-

composition products present, since the dual de-

composition (N2 + O and N + NO) is not affected

by these parameters, makes the dosimeter highly

effective. Only after a reasonable amount of nitro-

gen dioxide is formed, does the reaction become
more complex.

2.0

>>
-P
•H
m
a

a

CD

•H
B

§

-p

Co GamnvOL- Ray Exposure (v)

<3) W
Fig. 9. Commercial X-rav film transmission densities for various exposure rates and doses

from '^"Co source. (1) Ansco Superav "A" (2) Kodak Type K (3) Dupont Type 510 (4)

Ilford PM-2. In each case Curve A is for 3 films, stacked, and Curve B is for smgle film.

Exposure rate 2.2x10' to 4.6x10= r/hr.
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Optical Method. Glass Dosimeter. Most
glasses undergo change of easily measurable prop-

erties as a result of irradiation. Among these

changes optical absorption and luminescence

changes are applicable for dosimetry. The advan-

tages of glass dosimetry include good reproduci-

bility, low cost, capability of being manufactured

in arbitrary sizes and shapes, and no special skill

required in measurement.
But, on the other hand, difficulties may arise

owing to variations in composition, to intensity

and temperature dependence, and to the fading of

the color.

Absorption Change. Glasses commonW used are

not applicable owing to a strong tendency to fade.

To obviate these difficulties Kreidl and Blair sug-

gested the use of cobalt or silver in a conventional

silicate glass. The sensitivity is increased and

tendency to fade is decreased.

Cobalt Glass. In Table 2 is shown an example of

chemical composition. Also, Fig. 7 shows a change

in optical absorption of cobalt glass after irradia-

tion with Co^"^ gamma raj^s.

Linear relationships between increment of ab-

sorption coefficient and dose are found in the range

of 103-106 r at 400 mju, 1.5 X 10^—1.5 X 10^ at 500

Table 4. Comparison of Characteristics of Various Dosimetry Systems.

Dosimetry system

Ferrous-feiTic .

(Fricke;

Geric-cerrous

Ferrous-cupric

Hi-logeiiated-

hydrocarbon
-cicidinietric dye

Nitrous oxide

Methylene blue

Gas evolution

Starcn-iodide

Photopra|>hy

( print -i-out pa pe r

)

Dyed pic sties

Depolyrrierization

Polyrr.erization

(stylene
polyesters)

Glass
.
.fluorescence

Luninescence
degradation

Scintillator
damage (quinine
in acid)

Glass 'darkening

Photovoltaic
cells

Gadmium-sulf ide

Ionization
chambers

Calorimetry

Total-dcse r^ange (rads)

10^ 10^ 10^ io7 10^ io9 loio

Dcse-rate range (rad/hr)

10^ 10^ 10^ id7 10^ io9 10^0
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mfx. But above these doses the change becomes

smaller and nonlinear. It has been also reported

that the system is energy-independent above 200

kev.

Silver Glass. Silver-activated phosphate glass

(composition is shown in Table 3) developed by S.

Davison, S. A. Goldblith and J. H. Schulman is

very useful in the dose range from 10 rads to 3 X
10^ rads.

This glass is different from cobalt glass in having

a good transparency for visible rays. Absorption

at 320 m/i caused by color centers of silver pro-

duced by irradiation is useful for dosimetry. Fad-

ing is most rapid during the first two days. The
time required to reach a fairly steady state is re-

duced by heating the samples for about 13 min at

130°C. Flint glass, being radiation-sensitive but

having rapid fading, is not useful.

Luminescence Change. Silver-activated phos-

phate glass developed by J. H. Schulman shows an

ultraviolet-excited orange fluorescence propor-

tional to dose. It is said that the fluorescent cen-

ters formed with irradiation are very stable and

are not altered by the ultraviolet excitation neces-

sary for reading. The measuring range is 1 to 10,000

rads. Thermoluminescence found in fused silica

exposed to high dose of gamma rays may also be

applicable.

Luminescence Degradation Dosimeter.Many
organic luminophors such as anthracene, naph-

thalene, terphenyl, stilbene, polystyrene, and

their derivatives show decrease in luminescence

with exposure to high-energy radiation. Accord-

ingly, observation of the post-irradiation lumines-

cence at a frequency in the visible or near-ultra-

violet spectrum is applicable for dosimetry. The
advantage of this dosimetry includes adequate

sensitivity over a range of 5 X 10^-5 X 10^ rads,

dose-rate independence, simplicity and rapidity of

measurement and small size. On the other hand,

there are found also such disadvantages as non-

linear response, instability with time, and in-

convenience in packaging.

Penny -sized wafers of anthracene and /j-quater-

phenyl, being excited at 3650A, were developed by

F. H. Attix for large-dose dosimetry, and his work

also led to powdered anthracene and naphthalene

as dosimeters. Powders are felt to offer lower cost

and better reproducibility than single crystals.

They are irradiated in vials and packed into de-

pressions in "Bakelite" plaques for fluorescence

measurements. Figure 8 shows degradation as a

function of absorbed dose by Co^^o gamma-raj's for

both anthracene and quaterphenyl wafers, derived

from F. H. Attix's experiment. In each case the

dashed curve was obtained from measurements

made within '^l hr of irradiation. Generally, the

luminescence ratio becomes stable after heat treat-

ment. Without treatment, the dose effect dimin-

ishes in time. The solid curves in Fig. 8 were

obtained after a heat treatment. The cause of

postdose recovery is uncertain but may be caused

by gradual chemical interaction between quencher

and some other radiation product. Alternatively,

part of the quenching may be due to thermally

unstable molecular species or to thermally unsta-

ble centers of the trapped-electron or trapped-hole

type. This system is still under active study at

present. The destruction of the fluorescence of

quinine in acid solution is also useful, on which a

report by N. F. Barr and M. B. Stark is found.

Photographic High-Level Dosimeter. The

measurement of dose (lO-^lO^ r) has been made
possible by the photographic printout effect, i.e.,

the photolytic reduction of silver without develop-

ment. Printout materials commonly contain, in

addition to silver halide, a considerable amount of

silver citrate whereby the silver-ion concentration

is in excess of the amount required to combine

with the halide ions. According to Guerney-Mott's

theory the primary action of the incident radiation

is to produce photoelectrons, which are trapped

by any minute silver or silver sulfide aggregates

known as sensitivity specks. The negative charge is

then neutralized by the movement of silver ions.

After formation of silver specks of sufficient size,

a reaction occurs in which the silver citrate acts

as a physical developer. It deposits more silver

and hence forms image silver. In that way, photo-

graphic printout emulsions containing excess silver

ions do not require wet processing, i.e., developing

and fixing, as do standard photographic negative

and positive emulsions. The optical density of the

printout silver is determined either visually by

comparison with an adjacent density-step tablet

calibrated in roentgens or by means of densitome-

ters. It is said that these density values are in

perfect agreement wdth those obtained on a Beck-

mann DU spectrophotometer using 6000A. As

stated by H. F. Nitka, the characteristics of this

dosimetry are simplicity, nondirectional response,

no need for processing, instantaneous indication

of the integral dose received and extremely low

cost. And also, commercial X-ray film can be used.

In Fig. 9 the net transmission density is shown for

various exposure rates and doses from a Co°^

source. Dependence for Co'^" exposure on the dose

rate is not at all observed in range of 2 X 10^-5 X
10^ r/hr. In order to maintain greater accuracy, it

is advisable to keep the temperature constant.

Last of all, in Table 4 is summarized the com-

parison of the characteristics of various dosimetry

systems.
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DOSIMETRY. GAMMA RAY BY RECOIL ELECTRON CUR-

RENTS IN SOLID DIELECTRICS

Some striking observations on the generation of

intense polarization in insulators by gamma rays

have been reported by Culler.^ A hot cell window

was polarized so strongly that an electric discharge

was provoked by routine cleaning. Johns et al.,

the preceding year, reported on anomalous radia-

tion-induced currents in the dielectric and wall ma-

terial of ionization chambers." These currents were

independent of the electrical polarity of the cham-

bers and were of magnitude approaching 50 per

cent of the ionization current. These authors as-

sumed, correctly, that the electrical effects re-

sulted from Compton recoil electrons generated

by incident gamma rays. A theoretical basis for

these phenomena was formulated by Gross^' * and

applied to form the basis of a dosimetry system

in collaboration with the present author.^

Theory. Displacement of an electron in the

dielectric of a parallel plate capacitor (Fig. 1) in-

duces in the external circuit a charge, q — ed/D.

For the case of recoil electrons from gamma-ray

collisions, d corresponds to the component of re-

coil electron range normal to the capacitor plates.

A continuous beam of gamma rays generates a

steady current, i = io — ix (Fig. 3). The value of

io is determined by the intensity of incident gamma
rays in dielectric B, while ii is determined by the

intensity of emergent gammas, primary and scat-

tered, in dielectric C. For the simple case of a very

thick absorber electrode A,i = io .

Electrodes

Dielectric

mi

The gamma-ray generated current in a layer of

dielectric of thickness dx can be written

di
ner

(1)

Since gamma rays of energy 0.3 to 5 mev are at-

tenuated in materials of low atomic number pri-

marily by Compton colhsions, the electron produc-

tion rate is

n = N<x (2)

The average value of the mean range for Compton
electrons can be estimated from the use of tables

and the relation,

_ _ R{y)e''(y) cos y

e'(y)

(3)

Many secondar\- electrons and ions of low energy

are produced as well but the effective ranges are so

small that their contribution to the current gener-

ally can be neglected. Finally, the total current in

dielectric B is obtained by integration of Eq. (1),

assuming that A'o is constant throughout the di-

electric,

'ecrA o (4)

The value of u can be calculated in a like manner

when it is necessary to correct for transmission of

gammas through absorber A.

Dosimetry. The current generated by electron

recoils is a measure of the gamma energy absorbed

in the dielectric. Hence a device of the type shown

Q Infinitely thick absorber

-;- 2-cm lead absorber

A 1.5-cm lead absorber

X l-cm lead absorber

1.0 2.0 3.0

Photon energy (Mev)

Fig. 1. Electron displacement in a capacitor.

Fig. 2. Net gamma ray generated current per

unit area as a function of gamma energy and

absorber electrode thickness for plane parallel elec-

trodes.



305 DOSIMETRY, MYLAR FILM

Incident garnina flux, N^

—

Dielectric B — — — —

Recoil electron current,!

Absorber electrode A — —

Conducting surface — — —

Emergent gamma flux, N-,

Reverse current, 1, _

Dielectric C
~

Fig. 3. Gamma ray generated current.

in Fig. 3 can be used for dosimetry. The technique

of operation is similar to the ionization chamber,

since a current proportional to radiation intensity

or a voltage proportional to radiation dose de-

velops. The essential differences from the ioniza-

tion chamber are these : no initial voltage or power

is required; the insulation is less critical since no

voltage exists prior to irradiation; the detector,

with its solid detecting element, is inherently

rugged and simple; there is no loss of sensitivity

at high dose rate; and sensitivity to radiations

other than gamma can be reduced nearly to zero.

This dosimeter has considerable directionality;

however, for calculations the problem usually can

be reduced to the case of normal photon incidence

on a planar detector or a symmetrical detector in

an isotropic field. The theory has been verified

experimentally for the first case, while for the

latter the predictions currently are being tested.

The sensitivity is a function of photon absorp-

tion in the center electrode. This effect can be

utilized to modify or reduce the energy depend-

ence. The calculated energy dependence for sev-

eral thicknesses of a lead absorber electrode is

shown in Fig. 2; the calculations are corrected for

the contribution of scattered primary photons and

the annihilation radiation from pair positrons in

the lead.

Three general dosimetric applications may be

considered. A large, planar dosimeter with "in-

finite" gamma absorption can be used to calibrate

high-intensity beams from reactors, therapeutic

gamma sources or machines, and accelerators. A
spherical or cylindrical model of approximately

one-inch diameter would be "tissue equivalent"

in the energy region of 0.3 to 5 mev; it could be

used to monitor areas or personnel for doses ex-

ceeding a few rad. A model of similar dimensions

could be used as a gamma ratemeter in high-level

mixed radiation fields characteristic of nuclear re-

actors or explosions.

Abbreviations and Symbols
e Charge of the electron

q Charge

d The component of electron path length nor-

mal to capacitor plates

D The distance between parallel capacitor

plates

r The average component of the mean range

normal to capacitor plates for Compton
electrons from a monoenergetic gamma
source

n The number of Compton electrons generated

per unit time and area

No The number of gamma rays incident per unit

time and area

Compton attenuation coefficient

Compton electron scattering angle

Mean Compton electron range

Scattering cross section per unit angle

Recoil electron current
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DOSIMETRY: MYLAR FILM

The damage to materials exposed to X- or

gamma-rays is, as a first approximation, propor-

tional to the energy absorbed per unit mass of the

material. Thus one of the central problems in ra-

diation dosimetry is the measurement of this ab-

sorbed dose. The unit of absorbed dose is the rad

and it is equal to 100 ergs per gram.^ It is possible

to measure the absorbed dose in a material of

experimental interest directly with a calorimeter

but this is usually rather difficult. One can, how-

ever, measure the energy absorption by substitut-
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ing a dosimeter for the material under study. Bj'

a dosimeter is meant any material which changes

in a conveniently measurable way as a known func-

tion of the energy absorbed per gram. The dark-

ening of transparent plastics after exposure to

ionizing radiation has been employed extensively

as a dosimetric method in recent years." Thin poly-

ethylene terephthalate film, marketed under the

trade name "Mylar" in the United States and

''Melinex" in Great Britain, has been found to

be particularly useful for measuring the large doses

do*" to 10' ra'ds) which are encountered in studies

of the damage to materials caused by very in-

tense fields of radiation.

Boag and his co-workers'^ have reported on the

use of polyethylene terephthalate (Melinex) for

electron beam and gamma-ray dosimetry and their

work has been extended to higher doses with Du-

Pont Mylar by Ritz.* Polyethylene terephthalate

exhibits an increased optical absorption at 3250A

after exposure to ionizing radiation. This change

in ultraviolet absorption is not permanent. Boag^

found that the increase in optical density of

Melinex was due to two components; one faded

rapidly in the first 24 hours after irradiation, the

other was permanent over a period of several

months. The rapidity with which the "fast" com-

ponent faded was found to depend on the thick-

ness of the film and on the dose absorbed by it.

Thin films of Melinex lost their fast component

more rapidly than thick films. This effect has been

found to be due to the diffusion of oxygen into the

plastic from the atmosphere.'' Very thin films

(0.00025 in. thick) exhibit no fading at all and are

thus more convenient to use in this respect.

The results of the irradiation of 0.00025-m. M>'lar

in a calibrated Co^'' gamma-ray field are shown

in Fig. 1. The increase in optical density of Mylar

discs H-in. in diameter was measured relative to

a control disc in a Beckman Model DU spectro-

photometer at 3250A. This thickness of film covers

the absorbed dose range from 5 X 10' to 10' rads.

The lower limits of the dose range are determined

by the difficulties in measuring small changes in

optical density. The dose range covered by the film

may be extended to lower doses (5 X lO*' rads) by

the use of thicker films since the change in optical

density is directly proportional to the film thick-

ness. The upper limits of the dose range are de-

termined for thick Mylar films by the uncertainties

in measuring very large optical densities, and for

the 0.00025-in. film by increasing fragihty and

brittleness which make it difficult to handle. It is

seen from Fig. 1 that the radiation-induced colora-

tion of Mylar depends upon the rate at which en-

ergy is absorbed as well as upon the total absorbed

dose. The measurement of an unknown gamma-

ray field can be accomplished in spite of this dis-

advantage if the exposure time is known and if

the dose rate does not varj^ too much during the

exposure.*

The change in coloration of Mylar in a particu-

lar gamma-ray field depends upon how much en-

ergy is absorbed by the Mylar. If one is interested

in the radiation damage in a sample that is the

same atomic number as Mylar, then there is a

direct correspondence between the energy ab-

sorbed by the sample and that absorbed by the

Mylar. However, if the sample is of a higher

atomic number, then the absorbed dose in the

sample may be much greater than that in the

Mylar. If the spectral distribution of the gamma
rays is known one can use the methods outlined in

N.B.S. Handbook 78^ to calculate the absorbed

dose in the sample. If the spectral distribution of

the gamma rays is not known, one can make use

of the Bragg-Gray cavity principle to measure the

absorbed dose.""^

IxlO 5 6 7

ABSORBED DOSE (RADS)

Fig. 1. Change in optical density of 0.00025 in. thick DuPont "Mylar" at 3250A after

irradiation with Co*^ gamma rays.
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DOSIMETRY: PHOTOGRAPHIC, MEGAROENTGEN RANGE

New studies of radiation effects on foodstuffs,

plastics, and other materials have brought forth

growing needs for improved methods of X- and

gamma-ray measurements in the megaroentgen

range. In addition to the various chemical, glass,

and sohd-state dosimetry methods, one of the

oldest of photographic processes—print-out image

formation—is currently being used to measure very

large radiation exposure doses .^'
^

The famihar darkening of a photographic emul-

sion when exposed to a bright light is due to the

direct photochemical formation of colloidal ag-

gregates of silver in the silver-halide microcrystals

of the emulsion.^ A similar darkening can be ex-

pected with large exposures to ionizing radiation."

This photolysis—or print-out effect—may be con-

sidered an extension of the latent-image formation

process used in conventional photographic dosim-

etry. The relatively large print-out silver aggregates

are, in fact, molecular silver masses which have

grown at preferred sites in the crystal lattice, out

of the rudimentary latent-image centers of a few

atoms of silver. The latent image formed by small

exposures is not visible by itself and requires treat-

ment with a selective reducing, or developing,

agent to become massive silver and darken the

emulsion. The print-out image resulting from very

large exposures, on the other hand, requires no

such development.
The print-out dosimetry method is therefore

relatively simple. Large radiation exposures pro-

duce varying amounts of visible print-out image in

a photosensitive material. The image is stable in

most emulsions, and generally requires neither de-

velopment nor fixing, although the emulsion must

be shielded from actinic hght. Measurement of the

exposure is accomplished by relating the exposure

to the amount of print-out image present, either

by analyzing photometrically the darkening of the

emulsion, or by other analyses.

Many different types of photographic materials

are suitable for megaroentgen dosimetry, and the

most important of these will be discussed briefly.

Commercial X-ray Films. The various commer-

cial silver-haUde emulsions used in medical and

industrial radiography and in conventional photo-

graphic dosimetry show a print-out response over

a wide range of high-level X- and gamma-ray

exposure doses.^ An advantage in using these emul-

sions is that they are widely available and have

relatively uniform emulsion coatings throughout

an emulsion batch. The net transmission density of

the print-out image of the undeveloped film can

be measured with a photoelectric densitometer,

using a narrow band of red light or near infrared.

An unknown exposure is determined by referring

to a cahbration curve relating net density to

known exposure. Measurements of Co"*^ gamma-ray

exposures in the range from 10* to 10^ roentgens

are made with a reproducibility of 5 per cent. The
response is rate independent, at least up to ex-

posure dose rates of lO*' r/hr.

Special Print-Out Emulsions. Print-Out Paper.

A particular advantage of using print-out paper

rather than film is that a visual comparison method

can be used for quick readings. To achieve the

greatest precision in density readings, however, a

reflection densitometer or colorimeter is required.

A special silver-halide emulsion, containing silver

citrate to provide an excess of silver in the crystal

lattice for increased sensitivity, has been used as

a convenient exposure-dose indicator in the

gamma-ray range from 5 X 10* to 10" r.*^' ' The
response of this special print-out paper is some-

what rate dependent.

Silver-Azide Emulsion. The print-out sensi-

tivity of ripened silver-bromide emulsions contain-

ing silver azide and oxalic acid, permits gamma-
ray measurements from 10* r to greater than 10^ r.®

Such emulsions, however, have not yet been mass-

produced.

Sensitization of Print-Out Response. By
Chemical Treatment Prior to Exposure. The
sensitivity of commercial photographic emulsions

to print-out image formation can be enhanced by

treatment with certain hahde-acceptors prior to

exposure.^ Silver nitrate, sodium sulfite, sodium

azide, and p-methylaminophenol ("Metol") solu-

tions are especially effective and increase the nor-

mal print-out response of a cine-positive film and a

nonscreen X-ray film by more than a factor of 10.

By Chemical Treatment Prior to Exposure
and Post-Exposure to Light. Still greater sensi-

tization of the print-out response takes place when,

after the treated films receive gamma-ray expo-

sures, they are exposed briefly to a bright light .^°

The resulting changes in the color of these fl.lms

are measured by means of reflection densitometry

or colorimetry. Approximate exposure-dose read-

ings can be made by visual comparison with a cali-

bration step wedge. Exposure doses as low as 100 r

can be measured in this way, using print-out

images.

Nonhalide Silver-Salt Emulsions, >vitli De-

velopment. Tomoda has used silver azide, silver

tungstate, and silver molybdate emulsions to meas-

ure gamma-ray exposure doses from 10* r to greater

than 10" r."'
'" These are special unripened emul-

sions, which when processed in a weak alkaline

Metol developer, show high-contrast developed

images.

Nonsilver Print-Out Systems. Chalkey has pre-

pared emulsions of dye cyanides*^ and phospho-

tungstic acid," which are easily coated on paper,

glass, and other bases, and which form dark print-
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out images upon exposure to ultraviolet radiation.

These systems are also sensitive to X- and gamma
rays in the range from 10^ r to greater than 10' r.

All of these materials provide simple and inex-

pensive measurement systems for high-level photo-

graphic dosimetry. Certain limitations, however,

need to be mentioned

:

a) There is limited accuracy in the photometric

readings of print-out densities. The amount of

print-out silver formed in an emulsion can be

measured more accurately by using the silver ac-

tivation analysis employed by Tellez-Plasencia."

However, this would complicate the dosimetric

procedure somewhat.

b) Owing to the presence of materials of rela-

tively high atomic number in the photographic

layers, photographic sensitivity depends strongly

on photon energy. This energy dependence is a

serious handicap in making accurate measurements
of X- and gamma rays below 0.3 mev. It is nec-

essary to use individual cahbrations for each low-

energy exposure condition, or metalhc filters to

equalize the film response.

somewhat by the temperature dependence of the

c) The accuracy of measurements is also limited

print-out response, if variations greater than

±10°C occur during exposure.

d) Print-out materials are usually son.<itivo to

violet and blue light. Therefore, a darkroom witli

proper safelights is required for making photo-

metric measurements, or an orange transmitting

light filter has to be introduced over the film for

visual comparison studies.^ Gerhardt et al. have
described effective chemical methods of stabiliz-

ing the print-out image against further exposure.^"

e) None of the print-out materials shows a

linear response with exposure. Moreover, batch-to-

batch variations in print-out sensitivity may occur.

For these reasons, a calibration curve must be used

to evaluate unknown radiation exposures.
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DOSIMETRY: POLYMER DEGRADATION

The use of the degradation effect of ionizing

radiation upon dilute solutions of high molecular

weight synthetic polymers as a dosimeter system

for X- and gamma radiation is relatively new and

unexplored. Only two dosimeter systems utilizing

degradation effects of ionizing radiation on poly-

mers in solution have been published. Such dosim-

eter systems incorporate many of the requirements

for an ideal instrument—tissue equivalence, dose

rate and energy independence, stability, simplicity

of fabrication and readability, neutron insensi-

tivity, and a wide X- and gamma radiation sen-

sitivity range. Dosimetry of this type is readily

applicable to both industry and medicine.

Aqueous Solvent. Theory. Degradation effects

of dilute solutions of most polymers are indirect

rather than direct. Polymer chain cleavage results

from reactions between the polymer and the reac-

tive entities formed in the solvent by radiation.

With water as the polymer solvent, the dosimeter

system closely resembles an extremely simplified

biological system. There are a wide variety of

water radiolysis products which may interact with

the polymer molecule, the more prominent being

the H and OH radicals, and the Ho and H0O2

molecular products. Other species include the hy-

droperoxy radical, HOo , formed rapidly when oxy-

gen is present. Some polymers in aqueous media,

such as polymethacrylic acid, undergo indirect deg-

radation only in the presence of air. Other poly-

mers in aqueous media, such as polyacrylamide,

undergo indirect degradation either in the presence

or absence of air. These polymer properties indi-

cate the existence of no common reaction mecha-
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nism. However, a possible interpretation is that

either OH radicals, HO2 radicals, or both react

with polymer molecules to form unstable products

which decompose with chain scission.

The number of main chain fractures is directly

proportional to radiation dose and independent of

molecular weight. This is governed by the concen-

tration of water radiolysis products which are

formed directly proportional to dose and react

with the polymer solute. Very dilute aqueous solu-

tions, < 0.1 per cent, are used in order to obtain

the maximum effects of relatively small radiation

doses, <10^ roentgens.

Furthermore, cross-linking of many polymers oc-

curs above a concentration of 1 per cent and re-

sults in the gelation of the polymer. As the con-

centration of a polymer increases, there is less time

for the molecules to stabihze after degradation

before they come in contact with other polymer

molecules and cross-link.

Measurement of Degradation Effect. The deg-

radation of the polymer is determined by the

change in molecular weight or by the change m
viscosity of the solution. These changes are di-

rectly related to X- and gamma radiation dose.

Molecular weight determinations are made by light

scattering or specific viscosity measurements. How-

ever, measurement of the change of the relative

viscosity of the polymer is much more simple. The

molecular weight related to radiation dose is a

straight-hne function. The dose vs. relative vis-

cosity plot results in an S-shaped curve, the

straight-line portion being the optimum range of

the dosimeter system, Fig. 1. More refined meas-

urements of viscosity at shear rates less than 50

sec"^ amplify the maximum viscosity differences

and increase dosimeter sensitivity.

The sensitivity of detecting polymer degrada-

tion, and hence X- and gamma radiation dose, is

a function of the molecular weight. The degree of

change in viscosity increases as the molecular

weight of the polymer increases. This is not due to

a change in the sensitivity of the polymer, but be-

cause the same number of molecular chains frac-

tionated for a given weight of the polymer produce

a greater relative change in the molecular weight.

Fig. 1.

Satisfactory relative viscosity measurements can

be made using an Ostwald viscometer pipette. A
microviscometer similar to the Ostwald viscometer

is used for solution quantities less than three mil-

liliters. Measurements of relative viscosity do not

destroy the polymer solution, enabling dose read-

ings to be made periodically throughout a long

exposure to ionizing radiation

Polyacrylamide Dosimeter. Polyacrylamide and

a copolymer of acrylamide and acrylic acid are at

present the most appUcable of the water-soluble

polymers studied for dosimeter use. Other water-

soluble polymers, polyvinyl alcohol, polyvinyl py-

rollidone, neutralized polymethacrylic acid, and

neutrahzed polyacryhc acid are less suited for

dosimeter use. These polymers in aqueous solu-

tion result in irregular viscosity measurements due

either to aggregate formation or to the activation

of the sodium in the neutralized polymer acids as

a result of a mixed neutron and gamma field.

The inexpensive polyacrylamide dosimeter de-

veloped by Boni consists of an extremely dilute

(0.078 per cent) solution of polyacrylamide or

acrylamide copolymer with the desired molecular

weight dissolved in ordinary distilled water at pH
6 to 7. This particular dosimeter system, depending

on the molecular weight of the polymer used, has

a wide range from 50 to 10' roentgens. The dosim-

eter is dose-rate-independent up to 10^ r/hr and

energv-independent over a range of 39 to 1330 kev

X- and gamma rays. The polyacrylamide solution

is not affected by either thermal or fast neutrons.

This makes the dosimeter ideally suited to measure

the gamma component in mixed radiation fields.

Exposures of the acrylamide homopolymer to

intermittent doses of ionizing radiation are cumu-

lative. No further degradation occurs following the

removal of the dosimeter from the radiation field,

due to the immediate stabihzation of the molecular

fragments upon chain cleavage. Any desired

amount of the dosimeter solution can be irradiated

since the volume of the polymer solution is inde-

pendent of dose. The solution can be encapsulated

for short-term exposures in any type of container

which does not react chemically with the dosim-

eter solution. More substantial containers such as

low actinic glass vials must be used for long-range

monitors of ionizing radiation in order to eliminate

light degradation effects of the polymer and sol-

vent loss due to permeability of the container.

Organic Solvents. Theory. Some polymers de-

grade when they are dissolved in organic liquids if

radicals are produced copiously during radiolysis

as they are in halogenated hydrocarbons. Polymer

degradation in organic solvents can occur in the

presence of oxygen which reacts with polymer rad-

icals formed by chain scission. This reaction pro-

duces an "after-effect," a term describing the con-

tinued degradation of the polymer after removal

of the polymer and solvent from the radiation

source. Polymer degradation in organic solvents

can also occur at very high radiation doses in the

absence of oxygen as a result of the direct action

of the radiation on the polymer molecule.

The particular organic solvent used determines

the degree of cross-linking, degradation, or both

that occurs within or between polymer molecules.

Degradation of polymers in organic solvents can

occur at much higher concentration, 18 to 20 per

cent, than in water. However, a reduction in vis-

cosity upon irradiation of the polymer solution is

not always due to chain scission, but many times

due to internal crosshnking depending upon the

degree of side chain branching in the polymer

molecule. The resulting decrease in viscosity is

therefore a result of the reduced size of the poly-

mer molecule in the solution without any change

in its molecular weight.

Polystyrene Dosimeter. The degradation of an

aerated solution of polystyrene dissolved in carbon

tetrachloride was demonstrated by Feng to be

linear when a log-log plot is made of the viscom-

eter flow time function vs. the radiation dose. The
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pob^mer solution is encapsulated in a modified

Ostwald viscometer pipette. This particular dosim-

eter system has a wide range of over four decades,

10' to 10' rads.

Applications. The combination of the simplicity

and the versatihty of the polymer-degradation

type dosimeter systems indicates a widespread po-

tential usefulness. The present aqueous polyaery1-

amide system is being used for personnel criticality

incident dosimeters, shielding studies, and reactor

gamma flux measurements. This system or other

improved polymer degradation systems may be

further applicable to biological studies, depth-

dose measurements, radiation-treatment measure-

ments, and internal-dose studies.

References

1. Charlesby, A., ''Atomic Radiation and Poly-

mers," International Series of Monographs on

Radiation Effects in Materials, Vol. 1, pp.

426-440, London, Pergamon Press, Inc., 1960.

2. Alexander, P., and Charlesby, A., J. Polymer
5c^. 23, No. 103,355(1957)

3. Boni, A. L., Radiation Research 14, 374 (1961)

4. Feng, P. Y., Nucleonics 16, No. 10, 114 (1958)

A. L. Boni

DOSIMETRY OF RADIATION (GAMMA AND NEUTRON) IN

HIROSHIMA AND NAGASAKI ATOMIC BOMB SUR-

VIVORS*

To evaluate the late biological consequences of

the atomic bombings of Hiroshima and Nagasaki,

there is an evident need for determination of the

type and total dose of radiation received by in-

dividual survivors. Since 1956 this problem of

* See also "Biological Consequences of Exposure
to Ionizing Radiation," by the same author, p. 94.

radiation dosimetry has provoked a collaborative

effort between the Atomic Bomb Casualty Com-
mission (ABCC) in Japan and the Health Physics

Division of the Oak Ridge National Laboratory

(ORNL).
Considerable information is needed before a dose

can be calculated with any degree of certainty for

the individual survivor. Although good estimates

exist as to the general magnitude of radiation as-

sociated with atomic explosions, the bombs used

on Hiroshima and Nagasaki were not monitored

for their radiation potential. Therefore, the radia-

tion from the original bombs has been estimated

from data on similar, but not identical, nuclear

weapons. In addition, dose calculation requires an

exact knowledge of the whereabouts of the indi-

vidual at the precise moment of explosion. Finally,

the effects of shielding by a variety of structures

and circumstances play a considerable role in the

total dose received.

The Fission Process in General. When a ura-

nium (or plutonium) nucleus is invaded by a neu-

tron, an unstable configuration exists and the

nucleus splits into two or more particles. The im-

portant consideration is that the initial configura-

tion of one large uranium nucleus contains much
more energy than the two small nuclei which are

produced. Conseciuently a large amount of energy

must be liberated in the short interval of time

during which the splitting or fission process occurs.

The liberation of this energy is accompanied by a

considerable increase of temperature so that the

products of the explosion become extremely hot

gases which move outward rapidly, pushing the

surrounding medium away with great force. Fifty

per cent of the total energy is released in the above

manner, 35 per cent as thermal radiation, 10 per

cent as residual nuclear radiation, and only five per

cent of the total energy is released during the first

minute as initial nuclear radiation.

HIROSHIMA Auer. ig+S- g: 15 AH.

FALLOUT
144- I I 3

3000 2000 \ 000

PiSTAiNCEr FROM HYPOCENTEP IN METERS

Fig. 1. A pictorial representation of the Hiroshima detonation.
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The initial nuclear radiation consists of alpha,

beta, and gamma rays in addition to neutrons. The

alpha and beta particles are absorbed in a few

meters of air and are thus of no consequence in air

burst. The gamma rays and neutrons, however,

can traverse great distances and these are the

radiations which are of chief concern in assaying

the direct radiation effects of atomic weapons.

There are at least 40 different ways in which the

nuclei can spht when fission occurs. The 80 or so

types of fragments produced in the fission process

312

are called the fission products and are highly radio-

active. These fission products, when they actually

fall out of the atmosphere, constitute "fallout."

The neutrons released during the fission reaction

may strike stable atoms in the environment, ren-

dering them unstable and radioactive. This sec-

ondary neutron-induced radioactivity constitutes

another source of radiation from the nuclear

weapon. The magnitude of this effect is directly

related to the intensity of neutrons released.

Hiroshima and Nagasaki. The situations in

NAGASAKI Al/fr. 9. 194.5 / 1 • 03 AM

(000 ^000

DISTANCE FROM H^POChHTtR \H HtTtRS

Fig. 2. A pictorial representation of the Nagasaki detonation.

3000

NA&ASAKI

2000 3000

DISTANCE FROM HYPO CENTER IN METERS

Fig. 3. Estimated gamma and neutron air dose by distance from hypocenter (York).
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Hiroshima and Nagasaki are schematically de-

picted in Figs. 1 and 2, respectively. A nuclear

bomb was exploded 606 meters above the center

of Hiroshima (Army Map Service 1945 L902 map

of Hiroshima co-ordinates 44.28 X 61.70)' at

8:15 A.M. on August 6, 1945, and three days later

a second nuclear bomb was detonated 500 meters

above the Urakami Valley of Nagasaki (AMS
L902 co-ordinates 65.95 X 93.63)' at 11:03 a.m. on

August 9, 1945. The direct gamma and neutron

radiation emanations have been estimated by York*

and are shown as functions of distance from the

hypocenter in Fig. 3. Dose decreases in a near-

logarithmic fashion as the distance from the hypo-

center increases. The relative gamma and neutron

doses vary independently, depending on the type

of bomb, but the Nagasaki bomb apparently re-

leased very little neutron energy compared to the

Hiroshima bomb. There are many uncertainties in

these estimates of the air dose, perhaps by as

much as a factor of two. A major objective of the

dosimetry program is to improve these estimates.

The local fallout occurred in the western suburbs

of Hiroshima (Furue, Takasu, and Koi) and in the

Nishiyama area of Nagasaki, both about 3000

meters from the hypocenter. The external inte-

grated gamma dose from these radioactive fission

products is not precisely known but probably

amounted to several rads in Hiroshima and about

100 rads in Nishiyama, Nagasaki, as extrapolated

from the physical measurements made several

weeks after the bomb.^' "^ These figures are the ex-

ternal doses from fallout under conditions of con-

tinuous residence in these areas without shielding

and therefore represent the upper limit of doses to

which the residents of these areas could have been

exposed.

To summarize, there is little evidence that any

significant dose was received by the Hiroshima

and Nagasaki survivors except by direct radiation

from the bombs. Induced radiation by neutrons

was present, but this probably contributed little to

the total dose received by the general population.

Immediate fallout, of the sort and magnitude that

rained on a Marshall Island population and on the

Japanese fishing boat "Lucky Dragon" during

weapons tests at Bikini in 1954, did not occur in

the two Japanese cities. Two factors contributed to

the paucity of fallout in Japan: First, the Japanese

bombs, being kiloton weapons, had about one-

thousandth the energy of the megaton Bikini

weapon. Second, the largest fraction of local fallout

at Bikini was due to neutron-activated earth and

debris which had been drawn into the atmosphere.

These larger particles then fell back to earth in the

form of fallout. Since the fireballs in the Hiroshima

and Nagasaki air bursts did not touch the ground,

the above situation did not occur to any great

extent.

Summary. This report summarizes the present

state of knowledge in dosimetry of the Hiroshima-

Nagasaki A-bomb survivors. Data have been pre-

sented on the physical factors involved in the two

cities and on attenuation of radiation by various

shielding situations. This information is being used

to estimate a tentative radiation dose to individual

A-bomb survivors. It should be emphasized that

many important problems remain to be solved

before accurate doses can be assigned to individual

survivors. Such information will greatly strengthen

investigation of biological conseciuences of instan-

taneous doses of gamma and neutron irradiation in

men.
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DOSIMETRY, RADIATION, AND UNITS

The classical method of specifying quantitatively

the radiation field at a point due to any electro-

magnetic radiation is in terms of the intensity, with

units erg sec"^cm-^ or watt cm"'. The same defini-

tion is used for ionizing particles. Alternatively the

radiation flux in terms of photons sec'^cm'- or

or particles sec'^cm"^ may be specified and this may
be necessary if the effect to be studied is photon

or particle energy dependent.

An absolute measurement of the intensity of

penetrating X- or gamma rays at a point is not

particularly easy, involving as it does, total absorp-

tion of the radiation and its conversion to heat.

For example, it is easy to show that at 10 cm from

a source of 1 curie of Co*"", a very "intense" source,

the intensity is equivalent to only 2.4 X 10''' cal

sec"^cm"-. Even if total absorption is practicable

this is a verj^ small amount of heat to measure.

In the practical applications of ionizing radia-

tions, intensity is not usually a factor of great im-

portance. The effects of radiation, physical, chemi-

cal and biological are most obviously related not to

the radiation flux at a point in a medium but to

the radiation energy deposited in the medium at

that point. This leads immediately to the concept

of radiation dose as distinct from radiation inten-

sity. It is true that many other factors, in addition

to absorbed energy, will determine the ultimate

effect of irradiation. Nevertheless, it is desirable

to set up a system of physical dosimetry as a first

step, in order that these other factors may be in-

vestigated.

Absorbed Dose. The dose of an ionizing radia-

tion at a point in an absorbing medium is defined

then in terms of the energy absorbed per gram of

the medium and the fundamental unit of dose is

one erg g-\ For reasons of history and expediency

the quantity thus defined is known as ''absorbed

dose."
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The International Commission for Radiological

Units and Measurements states:

1. The Absorbed Dose of any ionizing radiation

is the energy imparted to matter by ionizing par-

ticles per unit mass of irradiated material at the

point of interest.

2. The unit of absorbed dose is the rad.

1 rad is 100 erg g"'.

Calorimetry is the most obvious method of

standardization of absorbed dose, the ionizing radi-

ation being absorbed in the medium of interest and

the absorbed energy converted to heat. Unfortu-

nately, this is only feasible with a chemically inert

medium and the extremely small amounts of

energy involved raise great practical difficulties.

Calorimetric methods have been used to estimate

the intensity of high photon energy X- and

gamma-ray beams which can be totally absorbed

in a heavy element and the temperature rise ob-

served, but the direct measurement of absorbed

dose is an even more difficult problem. This requires

the estimation of the energy released by partial

absorption within a prescribed volume of matter

surrounded by similar material. The problems

posed by the small amount of energy involved and

the difficulties of thermal insulation have not yet

been satisfactorily solved.

Chemical methods offer a somewhat less direct

approach to estimating absorbed dose, particularly

in aqueous media. The problem in this instance is

to find a radiation-induced chemical reaction for

which the energy relations are known or can be

readily determined. If the number of molecules

changed in a mass of absorbing solution per unit

of radiation energy deposited is known, we have

the man}^

have been
dose. Among
the following

years has been to estabhsh a relationship between

the absorbed dose at a point in a medium and the

ionization produced in a gas-filled cavity immersed

in the medium. This relationship was first estab-

hshed by W. H. Bragg in 1912 and fully developed

by L. H. Gray in 1936, on the following lines.

Consider a medium traversed by an "atmos-

phere" of ionizing particles (e.g., electrons released

by the absorption of X- or gamma rays). Into this

medium we introduce a gas-filled cavity, so small

that it does not disturb the spectrum nor the

spatial distribution of the particles. In practice this

means that the particles only lose a small fraction

of their energy in the cavity and, in the case of X-

and gamma rays, very few electrons originate in

the gas. Under these circumstances, the ratio of

energv deposition by the particles per gram of me-

dium^M) to that per gram of gas (G) is simply the

ratio of their mass stopping powers: i.e.,

a meter for absorbed

chemical systems tried,

used with some success

:

1. Oxidation of ferrous to ferric ions in aqueous

solution.

2. Reduction of eerie to cerous ions in aqueous

solution.

3. Production of free acids from chlorinated

hvdrocarbons, particularly chloroform and tetra-

ciilorethylene. These require the addition of a

thermostabilising agent such as resorcinol and a

pH-sensitive indicator dye.

In all cases the extent of the induced chemical

change is measured by spectrophotometric absorp-

tion in the solution at the specific absorption wave-

length of the ions concerned or the indicator dye.

The radiation sensitivity of a chemical system is

usually indicated by the G value, defined as the

number of atoms or molecules changed per 100 ev

of energy absorbed. G values vary from less than

10 for the inorganic systems to 100 or more for

the stabilized organic systems. By a suitable choice

of chemical system and of conditions of measure-

ment, it is possible to use these methods for ab-

sorved dose measurement over a range from 10 to

10' rad.

Ionization of a gas remains the simplest effect

of radiation which is amenable to quantitative

study and the basic problem of dosimetry in recent

Eyf -— Eg = pEo

The energy Eg , deposited per gram of gas is ob-

served as ionization and so if W is the average

energy required to produce one ion pair in the gas,

Em = pWIg

where h is the number of ion pairs per gram of gas.

Thus using appropriate units, the absorbed dose in

rads at the point in the medium can be determined

from an ionization measurement in the cavity, if

p and ir are known for the particular conditions.

Extensive experimental and theoretical studies

have been centered on the values of W and p for

the wide range of ionizing radiations in current use.

For most gases W appears to be effectively con-

stant for particle energies from 1 kev to many Mev.

Air is most commonly used in ionization measure-

ments and the generally accepted value of TFair is

between 33.5 and 34 ev.

The stopping power ratio, p, is very energy-de-

pendent and presents a much more difficult prob-

lem. The basic formula for the stopping power, S,

for a particle of energy, T, is given by Bethe

:

In
2/2(1 - /32)

- (2V1 1 + /32) In 2

-f-
- (1 - vn=^)'

where I is the average ionization energy of the ab-

sorbing atoms or molecules and 6 is a ''density cor-

rection," which takes account of the condensed

state of the medium. A value / = 13Z is consistent

with most of the experimental data. The Bethe

formula gives an instantaneous value of S at

energy T and so for a particle of initial energy To

in our cavity wall or gas, it is necessary to integrate

the instantaneous value from To to zero, i.e.,

1 r
SiTo) = -

J- J Q

SdT.
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Furthermore, in practice, in order to obtain the

over-all mean stopping power, S{To) must again

be integrated over the total particle spectrum

traversing the cavity. In the case of a medium ir-

radiated by X- or gamma rays, this spectrum must

be derived from a knowledge of photoelectric,

Compton, and pair formation cross sections for the

medium. A wide range of values of S{T) and

S(To), computed by Nelms, is given in the 1956

Report of the International Commission on Radio-

logical Units. For many practical purposes, much

of the tedious computation may be avoided by

simple approximations, mainly involving the use

of mean energy values in the complex particle or

photon spectra (I.C.R.U. Report).

For the low atomic number elements arising in

radiation biology, the Bragg-Gray theory, together

with recent determinations of W and p, gives a

reasonably precise account of the relationship be-

tween absorbed dose and cavity ionization. With

heavier elements, where there is a large difference

in atomic number between medium and cavity

gas, the agreement between theory and experiment

is not so good. Spencer and Attix account for these

discrepancies by pointing out that the Bethe for-

mula for stopping power assumes a continuous loss

of particle energy and takes no account of the

occasional production of energetic 8 rays. ColH-

sions producing an energetic secondary particle

should not be included in the stopping power, and

the 5-rays should be included with the primary

spectrum. They have, therefore, recalculated stop-

ping powers, replacing S{T) by S(T, A), which is

the stopping power including only energy losses

less than A, arbitrarily fixed as the energy of a

particle which will just cross the cavity. Thus the

integrals mentioned in the preceding paragraph ex-

tend from A to To rather than from zero to To . This

correction considerably improves the agreement be-

tween theory and experiment, an observation re-

cently confirmed by the work of Burhn.

Exposure Dose. Although absorbed energy is

clearly the only satisfactory basis for a physical

unit of radiation dose, its reahzation involves con-

siderable theoretical and technical difficulties. For

these reasons, from 1925 to 1956, the roentgen was

the only accepted unit of dose of X- and gamma
rays and in effect, specifies a time integral of the

radiation field at a point in terms of the ionic

charge which it will release in unit mass of air. It

is still retained as a unit of exposure dose, as dis-

tinct from absorbed dose and is defined as follows

:

One roentgen is an exposure dose of X- or

gamma radiation such that the associated cor-

puscular emission per 0.001293 g of air produces, in

air, ions carrying unit quantity of electricity of

either sign.

The quantity, exposure dose, of which the roent-

gen is the unit, is not very clearly defined, and it

might be said that the unit is built around the

standard ionization chamber used for its measure-

ment. For photon energies up to about 400 kev,

this is a free air, parallel plate chamber in which

the ionization is measured in a specified volume of

air surrounded by air. The extent of the surround-

ihg air must be of the order of the range of the

secondary electrons released by the radiation.

Above 400 kev the dimensions of the apparatus

become prohibitive and the definition of the roent-

gen is satisfied by using a cavity ionization cham-

ber, the walls of which are ''air equivalent" from

the point of view of X-ray absorption. For precise

measurements it is usual to use a cavity wall of

graphite, making appropriate corrections to attain

the equivalent response of a true air-walled cham-
ber. To attain the full equihbrium ionization within

the cavity, the chamber wall must have a thickness

approximately eciual to the range of the electrons

released by the radiation. For photon energies in

the region of 1 Mev a thickness of about 4 mm of

graphite is sufficient, but for higher photon ener-

gies the equilibrium thickness rises rapidlj^ and this

leads to difficulties concerning scattered radiation

and the exact point of measurement. Consequent!}^,

the International Commission on Radiological

Units recommends that the use of the roentgen be

limited to electromagnetic radiation of photon

energies less than 3 Mev.
Roentgen-Rad Relationships. The specific en-

ergy absorption in air corresponding to an ex-

posure dose of one roentgen is easily calculated

D,
W X 1.602 X 10-

e X 0.001293
erg g ^ roentgen ^

where W is the average energy in ev required to

produce one ion pair in air.

Taking TF = 34 ev

Dair = 87.7 erg g-'roentgen"^

Thus an exposure dose to air of one roentgen is

equivalent to an absorbed dose in air of 87.7

erg g""^ or 0.877 rad. This figure is independent of

the nature of the radiation and depends only on

the definition of the roentgen. The absorbed dose

for the same exposure in another medium replac-

ing the air will then depend on the absorption co-

efficient of the medium relative to air. Thus, for

an exposure dose of i? -roentgens:

Dai

-t-^medium ^^ -'--'air

0.877 R rad

(m/p) medium

(M/P)air

„ 0-- vM/p)medium „ ,= 0.8// -——T R = JR I'^^cl

(M/P).iir

The conversion factor, /, is tabulated by I.C.R.U.

for a number of common substances and photon

energies. For water / increases from about 0.86 at a

photon energy of 0.1 Mev to 0.97 at 1 Mev and

thereafter is nearly constant. Thus, to a first ap-

proximation for X- and gamma rays aboxe 1 Mev,

1 roentgen = 1 rad in water.

This fact is important in biology and medicine as

many biological materials are approximately water

equivalent.

R.B.E. Dose. When the biological eftects of X-
and gamma rays are being studied, the physical
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estimation of absorbed dose is only the first step

in comparing radiations and biological changes.

The absorbed dose required to produce a given

biological change depends on the physical charac-

teristics of the radiation and on external circum-

stances such as temperature, pH, and oxygen ten-

sion. For example, in a particular biological

specimen the same absorbed dose may be delivered

by two types of radiation or particle, but if the

density of ionization along the particle tracks is

different in the two cases, a different biological ef-

fect may be expected. For any given radiation and

set of environmental conditions it is possible, by

comparison with a standard radiation, to establish

a relative biological effectiveness (R.B.E.), which

may differ for each biological process considered.

At present the concept of R.B.E. is of limited use-

fulness as, for example, the R.B.E. of any two

radiations cannot normally be uniquely expressed

by a single factor but varies with a whole range of

secondary factors. Its main application is in radio-

logical protection, where the International Com-
mission on Radiological Protection has found it

necessary to establish arbitrary values for tlie

R.B.E. of most radiations and particles. For tlic

specification of maximum permissible doses in tlic

field of radiation protection:
—"R.B.E. is taken as

1.0, for /3", 13'', 7 and X-radiation and conversion

electrons (it is set equal to 1.7 if the maximum en-

ergy Em < 0.03 Mev for ^', I3\ or e"). 10 for

alpha particles and 20 for recoil atoms."

For more precise work, the International Com-
mission on Radiological Units establishes the

standard radiation for R.B.E. comparisons as X-
or gamma radiation having a linear energy transfer

in water of 3 kev/micron, deli\-ered at a rate of

about 10 rad/min.

On this basis then, the R.B.E. dose is defined as

the product of the dose in rads and an agreed con-

ventional value of the R.B.E. for the particular

radiation effect observed. The unit of R.B.E. dose

is the rem, and so:

Dose in rem = Dose in rad X R.B.E.

Although probably indefensible as a physical unit,

the rem serves a useful purpose in keeping a dis-

tinction between the purely physical and the bio-

logical concepts of radiation dose.
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DOSIMETRY: THERMOLUMINESCENCE

When certain crystals such as lithium fluoride

are exposed to X-rays or other ionizing radiations,

some of the electrons released are caught in traps

caused by chemical mipurities or physical imper-

fections. When these trapped electrons are released

at a later time by heating, they emit light, which

is called thermoluminescence. The quantity of this

thermoluminescent light depends on the intensity

of the ionizing radiation, the length of the ex-

posure, and the sensitivity of the crystal. With

crystalline material of uniform sensitivity the

arnount of light emitted on heating is a measure

of the ionizing radiation which has been absorbed

by the crystal.

Thermoluminescence then can be used for radia-

tion dosimetry.^' "• ^ The exposed crystalline mate-

rial is placed on an electric heater, the electricity

is turned on and the light emitted is measured

with a photomultiplier tube while the sample is

being heated. This type of dosimeter has not been

widely used as yet, but it has the advantages of

small size, low cost, long life, nearly linear re-

sponse over a wide range of exposures, and inde-

pendence per roentgen of the energy intensity of

the ionizing radiation. Under certain circumstances

it can be reused after exposure and heating. It has

the disadvantage of requiring an electronic reading

instrument and of giving only one reading and no

opportunity for checking at a later time.

When the photomultiplier tube is placed di-

rectly above the crystalline powder being heated

and connected to a recording potentiometer a

series of peaks is obtained as the electrons are

drixen out of traps of successively greater activa-

tion energies. This curve, which gives light-

intensity plotted against temperature (or time), is

called a "glow curve."' The area under the peaks

is a measure of the light emitted and thus of the

radiation absorbed. Fast heating gives narrow,

high peaks and slow heating gives broad, low

peaks. Good results are obtained when the crystal-

line material is heated from room temperature to

red heat in about 10 sec.^

A good measurement of the total amount of

tliermoluminescent light may be easily made by

simply charging a capacitor with the current from

the photomultipher tube and measuring the volt-

age of this charged capacitor with an electronic

\'oltmeter.

Many crystals and glasses exhibit thermolu-

minescence after exposure to X-rays, prominent

among them being the alkali hahdes. Hard, trans-

parent crystals having simple lattice structures are

most likely to exhibit thermoluminescence." Traces

of impurities are usually needed although they

have not been identified in all cases. The addition

of 1 mole per cent of silver chloride to fused so-

dium chloride greatly increases the thermolumines-

cence after exposure to X-rays. For practical do-

simetry the crystals should be hard, insoluble in

water, nondeliquescent and intensely thermo-

luminescent. It is important that the exposed

crystals retain without loss their ability to give

full thermoluminescence over long periods of time.

Accordingly, the temperature required to produce



317 DOSIMETRY, THERMOLUMINESCENCE

the thermoluminescence must be well above room

temperature (above 150°C) so that it does not

undergo a gradual, imperceptible thermolumines-

cence on storage at room temperature, and it

should be unaffected by daylight.

Lithium fluoride'- ^' ^ is very good for radiation

dosimetry. It is insoluble and it meets the require-

ments listed in the preceding paragraph. In many
of the alkali hahdes the thermoluminescence in-

volves the trapping of electrons in vacant anion

sites in the crystal lattice and the trapped electrons

absorb daylight and produce a coloration due to

the presence of these "F-centers." The anion

vacancies in lithium fluoride are so small and the

freciuency of vibration of the trapped electrons so

high that lithium fluoride absorbs light only in the

ultraviolet and hence is stable in daylight. The

intense thermoluminescence comes in at about

240°C which is high enough to insure stability at

room temperature but well below red heat so that

it is not obscured by black body radiation when

the sample is heated.

It was found that different parts of a large

crystal exhibit different thermoluminescence ac-

tivity. So it is necessary to grind large amounts of

the crystals to fine powder, preferably about 100

mesh Tyler, and mix it thoroughly to give a uni-

form, averaged thermoluminescence. If the crystal-

line powder is too coarse it is difficult to reproduce

the thermoluminescence of a given sample ac-

curately, and if it is too fine, part of the thermo-

luminescent light is scattered before it reaches

the photomuhiplier tube. About 0.1 g of the powder

is spread in a thin circular layer of uniform thick-

ness and about 1 cm in diameter. After grinding,

the crystals of lithium fluoride are annealed for an

hour at 400°C. The reason for the much increased

sensitivity is not yet fully understood.

The grinding of lithium fluoride leads to a small

thermoluminescence which appears at about 120°C

and which decreases slowely at room temperature

over a period of a few weeks. For high precision

it is desirable to destroy this low temperature

thermoluminescence by heating the exposed sam-

ple to 100°C for 3 min. before measurement. The
small samples of lithium fluoride powder are ex-

posed in capsules of plastic or thin metal foil for

testing and then poured out onto the electric

heater for measurement of tlie thermolumines-

cence.

Not all samples of lithium fluoride are effective.

Impurities in traces but not in large amounts are

needed. The Harshaw Chemical Company has de-

veloped suitable crystals.

Lithium fluoride with its low atomic numbers is

nearly independent of the energy per roentgen

from X-rays of a few kilovolts to the gamma radi-

ation of cobalt 60. It is nearly linear in its response

to the amount of radiation over a range from a

few milliroentgens to many kiloroentgens. There

is a tendency to become more sensitive to radia-

tion after extended exposures to X-rays, a fact

which limits the number of times a dosimeter can

be reused, particularly with large dosages. After

exposure to several hundred thousand roentgens

the sensitivity decreases markedly.

The action of alpha, beta, and gamma rays on

the thermoluminescence of hthium fluoride has

been studied.

Calcium fluoride activated by manganese has

been highly developed as a radiation dosimeter.^

It has been perfected to respond to a smaller

milliroentgen exposure than the lithium fluoride

but for best results it is surrounded by an inert

gas instead of air.

Fused aluminum oxide is another promising

crystalline material for radiation dosimetry.-- '*•
"*

Its thermoluminescence per roentgen can be nearly

as intense as that of lithium fluoride. Its principal

peak comes at 160° and it is stable at room tem-

perature. It does not require annealing and it has

no low temperature thermolummescence induced by

grinding. It is hard and brittle and difficult to grind.

Cameron^ has been successful in using the lith-

ium fluoride radiation dosimeter routinely for

chnical X-ray exposures. He has an active program

of research for further understanding and im-

provement of thermoluminescence dosimetry.

Small capsules of lithium fluoride powder are in-

serted in the rectum or other body cavities during

radiation and the thermoluminescence obtained

later gives an accurate measurement of the X-
radiation at the specified site. The fact that the

dosimeters are small and inexpensive suggests their

use for monitoring small animals undergoing radia-

tion experiments. The fact that the exposed dosim-

eters may be kept for long periods of time and that

they are cumulative could lead to their use for

recording radiation exposures of laboratory workers

and the general public.
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DOSIMETRY. See also Units and Measurements of Radi-

ation; Units, Radiation: Historical Development.

DOUBLE BRAGG REFLECTIONS. See Fatigue in Metals.
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DOUBLY BRAGG REFLECTED (DBR) X-RAYS* IN CRYS-

TAL ORIENTATION CORRELATION STUDIES IN COLD-

WORKED METALS

The fact that an improperly annealed metal foil

will scatter a well-collimated X-ray beam at small

angles appears to have been known for many years.

The first systematic investigation of the phenome-

non was reported by Blin and Guinier in 1953.^

Beeman, Neynaber, Brammer, and Webb conclu-

sively attributed the effect to the presence of

doubly Bragg reflected (DBR) radiation nearly

parallel to the original beam. 2 The resultant radia-

tion is relatively intense from moderately cold-

worked metals and effectively masks any small

-

angle scattering which might be seen due to

inhomogeneities in structure.^ The potential appli-

cations of the effect result from the fact that the

intensity of DBR radiation collected from a poly-

crystalline material at small angles is a rather

specific measure of the correlation in orientation

between crystallites and tends to be independent

of size or substructure of the crystallites."' The

method has been applied in the study of such cor-

relation functions in hammered copper^ and to the

study of changes in structure during annealing and

cold-working by drawing and rolling in nickel.*^

Theory. Consider a beam of monochromatic

X-rays, h ,
well-collimated in angle but relatively

large in diameter incident on a polycrystal line

material. A large number of the crystallites pres-

ent will be correctly oriented to produce each

possible Bragg reflection. Figure 1 shows the re-

flected beam, h , from one such crystallite. The

once reflected beam, 7i , has a finite chance of

being reflected a second time with the same Bragg

angle before leaving the irradiated sample. For

most common geometries and crystal sizes the

angle between the double reflected beam, Ii ,

and lo is negligibly small in the plane of the dia-

gram. The Bragg condition can be satisfied, how-

ever, for directions of /•: which lie out of the plane

of lo and h . Double reflections at different Bragg

angles also exist but are not found close to the

main beam. The result of double Bragg reflections

in a completely randomly oriented aggregate is a

weak, diffuse, scattered intensity around the main

beam which falls off inversely with small angle e

from the main beam direction. 2- »

V

Fig. 1. Double Bragg reflection (DBR) at a

particular Bragg angle. Scattering angle, e, is out

of the plane of the diagram.

* Supported in part by the Office of Ordnance

Research, U. S. Army

Much more intense small angle DBR scattering

is seen from lightly cold-worked metals which have

been previously annealed. In the annealed state

the individual crystallites, or grains, are relatively

large and have mosaic structure which disturbs

the orientation within a given grain only slightly.

As cold work proceeds, the mosaic subcrystallites

tilt relative to one another becoming the much
smaller crystallites of the deformed structure. At

any stage of the process the Bragg normals to a

particular set of planes (hkl) in the group of sub-

crystallites which formed an original grain are

smeared over an effective solid angle Q.hki which

increases approximately exponentially as cold-

work progresses. ' The resulting DBR intensity

correspondingly spreads out to large angles while

the intensity at the center of the pattern (near

the main beam direction) falls off inversely with

^hki as the probability of the second grain being

correctly oriented to produce a reflection dimin-

ishes. The effect of DBR in lightly deformed single

crystals has been photographed by Atkinson.^

When such a crystal is suitably oriented in a pencil

beam of X-rays a particular DBR appears as a

short fan of radiation which photographs as a

streak through the main beam.

Suppose the main beam of flux 4>„ irradiates a

specimen of thickness, t, which was annealed and

polycrystalline with random orientation prior to

being lightly cold-worked. The crystallites are

then clustered in groups, i.e., the former grains,

and a given once reflected beam /) has a very

much larger probability of being re-reflected

within the former grain of origin than outside.

Let Da, be the average distance traveled by the

once reflected beam U in the former grain of ori-

gin and ignore the scattering contributed by sec-

ond reflections outside this former grain. The

averaged DBR scattered intensity per unit solid

angle near the center of the pattern along h is then

$o'exp(— (uO v^ Dg,. cot dhki

e h.k,I ^TT

/ e'Flk,\' Y
A + cos^2g/,,A ^ _}_

(1)

Here m is the linear absorption coefficient, dhki the

Bragg angle, Fhki the crystal structure scattering

factor, and Va the volume of a unit cell (Gaussian

units). The choice of wavelength X is critical; a

wavelength on the low absorption side of the K
absorption edge seems to be suitable. The more

widely spaced planes strongly dominate in the

sum so that an estimate of scattering intensity

from an FCC metal can be obtained considering

onlv scattering from (111) type planes.

The DBR flux collected by a window subtending

solid angle co at an effective angle e from the main

beam is zero until the specimen is cold-worked

sufficiently to spread the scattering to e. The scat-

tering observed as a recrystallized specimen is

stretched in the X-ray beam thus rises to a

maximum value and becomes asymptotic to that

predicted by (1) for large amounts of stretch.

This maxinium scattering from FCC metals has
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Fig. 2. The fourth root of DBR intensity vs. reannealing time for ungettered nickel stock

which was reduced 37 per cent in thickness by rolling before reanneal.

been estimated to be of the order of that obtained

from (1) by replacing Qhki by

27e2

47r sin^ <9iii

On the basis of this assumption the maximum
DBR flux of copper Ka radiation scattered from

nickel has been calculated to be^

$2 = 0.074 ^0 exp (-f,t)DaJc^/e^ (2)

in which Dav and t are in centimeters, co in steradi-

ans, and e in radians.

Applications. The small angle scattering due

to DBR radiation is limited to thin foils because

of absorption difficulties. Even though the DBR
intensity is about 100 times that expected from a

powdered sample consisting of grains with random
orientation, intensity is still the major experi-

mental problem. Air scattering can mask the effect

and h^nce the scattering path must be evacuated.

Since the diffuse DBR scattering is calculated

statistically, the method is limited to observa-

tion of extended areas in polycr^^stalline metal

foils. This technique is thus ideally suited to the

use of focussing small-angle scattering systems,

although more conventional slit systems with

Geiger counter detectors have proved satisfactory.

DBR scattering has been used as a satisfactorj^

tool for the study of recrystallization kinetics in

nickel and iron*'' '^ and for the study of cold work
in metals.^' ^' s. e j^ lightly cold-worked metals

the decrease of DBR scattering with annealing

can be observed. In heavily cold-worked metals,

for w^hich DBR scattering is small, the specimens

must be restrained after annealing in order to in-

troduce suitable light cold work in the recrystal-

lized portions of the structure.

The theory predicts a linear relationship for the

fourth root of the maximum scattered DBR in-

tensity vs. the recrystallized grain size in partially

annealed foil which is subsequently restrained.

Figure 2 is a typical plot of this fourth root of

DBR intensity vs. annealing time for ungettered

nickel which shows a linear growth rate until im-

pingement occurs. An initial grain size is indicated

by the extrapolation of the growth curves, and the

activation energy can be obtained from a plot of

growth rate vs. reciprocal temperature. The re-

crystallization results are consistent for nickel but

additional work is indicated for the study in iron

since no scattering rise has been observed from

stretched partially recrystallized specimens prior

to fracture. The method also points up the neces-

sity for extreme precautions in the control of in-

terstitial impurities if precision annealing obser-

vations are to be made. The reciuirement of thin

specimens facilitates control of impurities by
permitting rapid equilibrium with a vapor phase

during equilibrium but also results in observa-

tions which lie somewhere between those expected

for bulk polycrystalline material and for single

crystals.

For a starting sample which is polygrained with

random orientation, the DBR scattering resulting

from cold work may be given in terms of two pa-

rameters, the average initial grain size, Dav men-
tioned above, and a subgrain correlation function

P(y) which gives the distribution in the orienta-

tion of subgrains with respect to an average sub-

grain of the original grain. Under appropriate

conditions both of these parameters may be meas-

ured. ^ Another application of DBR scattering

has been made in the study of microfatigue in

cyclic cold work of metals.*

In conclusion, the DBR technique offers promise

for studying microstructure changes brought

about by cold work and recrystallization kinetics

in polycrystalline metal foils. The basic structure

parameter measured, the range of small angle ori-

entation correlation, is not obtained by other com-

monly used techniques.
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DRUGS: APPLICATIONS OF X-RAY POWDER DIFFRACTION

It was established that crystalline powders, when

traversed by a beam of X-rays, behave like minute

gratings randomly oriented in space and give rise

to diffraction phenomena.' With a narrow beam of

monoenergetic X-rays, the diffraction pattern over

a plane perpendicular to the direction of propaga-

tion takes the form of a series of well-defined con-

centric rings whose radii and intensities are related

to the crystal lattice constants, i.e., interplanar

distance and multiplicities respectively. With crys-

tals of low symmetry, such as in the case of most

crystaUine organic compounds, exact duplication

of a given interference figure is very unlikely even

when comparing two stereochemical isomers. These

properties justify the numerous applications which

X-ray powder diffraction has found in the field of

drugs in general. These applications will be pre-

sented under two broad headings: production and

characterization of new drugs, and identification of

unknown drug specimens.

Production and Characterization of New
Drugs. A recent survey made of leading pharma-

ceutical firms- showed that X-ray diffraction ap-

paratus is standard eciuipment in Quality Control

Divisions where representative batch samples of

new drugs are analyzed routinely and results com-

pared with official and local specifications. Quality

control requirements are almost as diversified as

the products themselves. For instance: the levels

of trace elements such as calcium, iron, manganese,

copper, potassium and zinc in a given vitamin-

mineral supplement must fall between stated limits

from the label strength; the arsenic content of an

antibacterial agent must be below a maximum
permissable percentage; iron in a given antibiotic

preparation must not exceed so many parts per

million; controlled efficacy of certain drugs re-

quires that crystal size be kept below lOOOA . .

.

These determinations are currently made by X-ray

diffraction.-

X-ray diffraction supplements other methods,

such as electrometric titration, nuclear magnetic

resonance, infrared and ultraviolet, for the char-

acterization of new drugs. Standard diagrams are

filed and referred to for identity and homogeneity

criteria. X-ray diffraction patterns are also com-

monly presented in patent literature to aid in the

unequivocal description of a drug.

Identification of Unknown Drug Specimens.

The problem of identification of an unknown drug

specimen presupposes the availability of data con-

cerning the pure compound. For X-ray diffraction

work, the A.S.T.M. index^ classifies patterns from

several thousand chemicals according to the spac-

ings of their three most intense lines. The method

of identification is then obvious and relatively

simple. The pattern of an unknown specimen is ob-

tained; the spacings (called d-values) of the three

strongest lines are measured; a card which corre-

sponds to the given values is located in the index;

the name, formula, and physical constants of the

unknown are read off the card; proper identifica-

tion is ascertained by comparing the d-values and

intensities of all the other lines on the experimental

film with those from the pure compound. Such a

list is also given on each card of the index. In

practice, however, many difficulties can be en-

countered. There may be instances where no card

in the index is found with the appropriate values.

The following situations are then possible: the

compound has either not yet been included in the

index, an unusual polymorphic form of a listed

compound is being observed, or the analyzed speci-

ment was wrongly assumed to be pure and is ef-

fectively a mixture of two or more compounds.

This last i)0ssil)ility imposes a limitation on this

||(')*i|)

Plate: Indentification of a pentobarbital speci-

men using the X-Ray diffraction powder pattern

of its 79-nitrobenzyl (p.n.b.) derivative.

Fig. 1. standard free acid; Fig. 2. isolated free

acid; Fig. 3. p.n.b. derivative of standard free acid;

Fig. 4. p.n.b. derivative of isolated free acid; Fig.

5. same as for Fig. 3 above but not recrvstalhzed.
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method of identification. Occasionally, a two-

component system can be analyzed conveniently

by X-ray diffraction;* however, in general with

organic compounds, the formation of mixed crys-

tals whose X-ray diffraction patterns depend on the

relative concentrations of the components prevents

the complete coverage with any given index system

of the large number of patterns. It is generally

agreed that the X-ray diffraction method is best

suited to the identification of a single pure com-

pound. Concerning the first two possibilities, the

difficulty can be obviated if the laboratory keeps

an up-to-date library of X-ray diffraction films

from compounds and their known polymorphic

forms which are most likely to be encountered.

Film atlases for narcotics,^ steroids,'"' barbituric

acids,^ and sedatives^ have been published and are

very useful for rapid identification work over those

speciaKzed areas. In this modified method of iden-

tification, standard and unknown patterns are

compared directly instead of the corresponding

lists of diffraction data. The polymorphic property

of certain compounds, however, is so pronounced

that an adequate library of films would be too

voluminous. Corrective measures can sometimes

be introduced. An illustration will be given with a

class of compounds of immediate interest to the

forensic chemist: the barbituric acids.

Barbituric acids, such as pentobarbital, can oc-

cur in up to five modifications.*^ It was observed'

that standardization of extraction and purification

methods and crystallization conditions did not

necessarily control the appearance of a certain

modification or mixture of modifications. Presum-

ably, traces of impurities in the isolated free acid

can stabilize to varying extent some of the un-

stable modifications.^" This effect may be quite de-

manding on the size of the library of films required

for rapid identification of a given barbituric acid

specimen. However, it was found experimentally

that the p-nitrobenzyl derivatives of those acids

are free from polymorphism and have little tend-

enc3^ to form molecular compounds or mixed crys-

tals with other components." Further, they can

easily be prepared starting with as little as 1 mg of

the free acid.^^ These derivatives may therefore

be used in lieu of the free acids to by-pass the

undesired side effects due to polymorphism. The
accompanying plate is a photographic report of a

typical application of this method. Figures 1 and 2

are the patterns of the standard free acid and of

the isolated free acid from the unknown specimen

respectively. It is seen that the two diagrams are

not at all similar. The p-nitrobenzyl derivative of

the isolated free acid was prepared and the result-

ing X-ray diffraction pattern. Fig. 4, matches

exactly that of the p-nitrobenzyl derivative of

pentobarbital. Fig. 3, which was on file. Positive

identification can now be made even with the

crude reaction product, as shown in Fig. 5.

Conclusion. While X-ray diffraction is capable

of characterizing any crystalline compound, the

problem of identification of an unknown drug

specimen with this method is not free from diffi-

culties. There are requirements as to the purity of

the sample being analyzed and with certain classes

of compounds polymorphism can interfere seri-

ously. However, simple chemical reactions can at

times offer a major improvement.
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EFFLORESCENCE IN CONSTRUCTION BRICK: X-RAY DIF-

FRACTION ANALYSIS OF EFFECT OF BaCOs

The efflorescence problem has been attacked

from many angles during the past sixty years, but

is still not completely solved. It is obvious from

the controversies and contradictions appearing in

the Hterature^-^ that the manufacturers have wit-

nessed varied results from the apphcation of pre-

ventive measures. These differences of opinion

have been due to the apphcation of preventive

techniques to different basic situations.

Efflorescence is the formation on the surface of

finished ceramic ware of a deposit of soluble min-

eral salts due to exposure to moisture.^ The salts

accumulate on the exposed surface where relatively

rapid evaporation takes place. At the points of

greatest evaporation these salts are precipitated

from the solution when saturation point is ex-

ceeded. This migration of solution through a ce-

ramic body is a function of the absorption of the

body. A body cannot be subjected to efflorescence

if it has zero absorption.

Some of the soluble sulfates that caused ef-

florescence are : Na2S04 , KoSO, , CaSO* , MgSO^

,

AloCSOOa , and FeSO^ .' '' '• ' The salts may origi-

nate from the raw materials themselves, or they

may come from other closely associated materials

such as mortar.*' ^' ^ They may have been present

in the raw materials," developed during the firing

by the chemical action of flue gases, or formed by

interaction of the various components of the raw

materials during firing.^- * The soluble salts inherent

in the ceramic materials themselves are considered

to be most important, because the other sources

of the soluble salts are well-known and more easily

controlled.

Many ideas and experiments on the prevention

of efflorescence have been reported, such as firing

the products in a reducing atmosphere; the addi-

tion of small amounts of BaCOs to the raw ma-
terials;" the selection of raw materials free from

efflorescence salts ;^ immobilization of soluble

salts f stabihzing the sulfates in the fired wares by

using the additions of barium salts, such as the

carbonte, aluminate, fluorides, chlorides, and sih-

cates;*^ and fired at as high a temperature as pos-

sible.- All the methods of ehminating efflorescence

which have been reported from time to time indi-

cate the complications present on this problem.

Thermoanalysis. In order to get some idea at

what temperature the BaCOa will react with some
of the soluble sulfates, thermoanalysis was used

to determine the curves for two reactions. The two

reactions selected for the thermoanalysis were the

reactions between BaCOa and KAl(SOj2-12HoO,

and BaCOa and MgSOi . The reason for choosing

these reactions was that one of the sulfates will be

above and the other will be below the barium on

the preferential order of sulfate formation hst. The

preferential order of the sulfate formation hst is:

potassium, sodium, barium, calcium, magnesium,

aluminum, and ferrous salts.^ When the list of

sulfates in the raw materials are heated in presence

of SO3 the tendency would be to form K2SO4 first

and until all the potassium ions have combined,

then next the sodium ions will react with the SO3

,

etc.

Eciual molar quantities of the reactants were

used. The reactants were diluted with 50 per cent

of inert ALOa . The reason for adding inert AI0O3

is to dilute the reactants so that their heat of

decomposition or reaction will not be too great to

throw the curve off the photographic paper in the

instrument.

Results and Interpretation of the Thermo-

analysis Curves. From the thermoanalysis curve

of the reaction between KAl(S04)2-12HoO and

BaCOs , the interpretation for the peak at 113°C,

the several small peaks between 118° and 135°C,

and the peak at 240'C may indicate that the alum

IS losing water. The peaks at 655°, 750°, 770° 890°,

and 1000°C indicated the reaction of the two re-

actants. The curve of the reaction between MgS04
and BaCOa shows peaks at 645°, 740°, 795°, 960°,

and 1010°C. These peaks indicate reaction between

the two reactants. The results of this thermoanaly-

sis show that if the brick fires at temperature

above 1010°C, the reaction between the soluble

sulfates and BaCOa will take place in the brick.

Preparation of Samples for X-ray Diffraction

Powder Pattern. The reagents used were C. P.

reagent grade. The clay used is known to be free

from sulfates, sulfides, and sulfur.

A pure sample of BaSOi was prepared from

BaCb and H2SO4 . The crystals were placed in a

platinum crucible and heated over the forced

air Fisher burner for about 20 min. Cellulose ace-

tate tube was used to hold the samples for X-ray

diffraction powder pattern. The BaSOi X-ray dif-

fraction pattern was used to compare with patterns

from reactions between a soluble sulfate and

BaCOa in clay, to see if BaSO* formed in the re-

action.

The sulfates and BaCOa were weighed to an

accuracy of four decimal places, and the clay was

weighed to an accuracy of two decimal places.

They were thoroughly mixed by hand and then

placed in a closed bottle, which was placed in the

tumbling jar and rolled for two hours to get a

uniform mixture.

The bricks were made by two processes: (1) the

dry-press method, and (2) the stiff mud method.

In the dry-press method, the mixture was dry-

pressed into a cylindrical briquette of 3.7 cm di-
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ameter with 5000 lb of pressure per sq in. The high

pressure caused the particles of sulfates and BaCOs
in the mixture to have a better contact with each

other for the sohd-state reaction. In the stiff mud
method, a little water was added to the mixture

to get it into the right consistency and then form

the brick by hand. The mixture in this process was

not subjected to pressure. The bricks were placed

in an electric muffle furnace and fired for an hour

at 1050°C for the dry-pressed brick and at 1100°C

for the stiff mud method. When the bricks cooled,

they were ground with a mortar and pestle. Cellu-

lose acetate tubes were used to hold the sample

for powder diffraction.

Table 1 shows the X-ray diffraction powder pat-

tern sample identification by letter, the reactants

and the amount each one used, the temperature at

which the brick was fired, and whether BaS04
formed in the reaction.

Results. The object of this research was to find

out how effectively the BaCOa reacts with the

soluble sulfates which cause efflorescence in the

brick to form insoluble BaS04 . A simple method
to identify BaS04 formed in the reaction products

is to compare the diffraction pattern of the pure

BaSOi with the diffraction pattern of the reaction

products. If the lines of the BaSOi pattern are

matched with the corresponding lines on the pat-

tern of the reaction products, it may be seen that

one of the reaction products is BaS04 . No attempt

Table 1.

Reactants Used Firing Temp., °C BaSO-i Formed

CaS04-2HoO + BaCOs
1-mole 1-mole

1050 Yes

CaS04-2H20 + BaCOs + Clay*
1-mole 1-mole 50% by Wt

CaS04-2HoO -I- BaCOs + Clayf
3.44 g 7.90 g 50 g
5.61% 12.90% 81.49%

1050

1100

Yes

No

D BaSOi 1050 Yes

* The materials were dried-pressed at 5000 lbs. per square inch to form a briquette.

t The materials were not dry-pressed. The briquette was formed by the stiff mud process with 30 ml of water.

i
Fig. 1. a is the X-ray diffraction pattern of the reaction products of CaSO^ -21120 and

BaCOs . The materials were dry-pressed at 5000 psi to form a briquette and fired at 1050°C
for one hour. D is the pattern of BaS04 . Pattern A compares with pattern D indicating

BaS04 has been formed by this process.

i

i
Fig. 2. B is the X-ray diffraction pattern of the reaction products of CaSOi -21120, and

clay. The materials were dry-pressed at 5000 lbs. per square inch to form a briquette, and
fired at 1050°C for on hour. D is the pattern of BaSO* . Pattern B compares with pattern

D indicating BaS04 has been formed by this process.
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Fig. 3. C is the X-rav diffraction pattern of the reaction products of CaSOi-2HoO, BaCOs

.

and clay. The materials were not dry-pressed. The briquette was formed by the stiff mud
process with little water, and fired at 1100°C for one hour. D is the pattern of BaSOi .

Pattern C does not compare with pattern D, therefore no BaS04 is formed by this process.

is made to identify the other products of the re-

action.

Figure 1 shows the pattern of the reaction prod-

ucts from the reaction of CaSOi-2H20 and BaCO.3

.

The raw materials were dry-pressed at 5000 psi to

form briquettes. The briquettes were fired at

1050°C for an hour. The lines on this pattern are

matched with the corresponding lines on the BaSOi

pattern. Therefore, BaSOi is one of the reaction

products.

Figure 2 shows the pattern of the reaction prod-

ucts of the reaction of CaS04-2H.O and BaCOs
in clay. The mixture was dry-pressed at 5000 psi

to form a briquette. The briquette was fired for

an hour at 1050°C. BaSO* formation in the reaction

is indicated by this pattern.

Figure 3 shows the pattern of the reaction prod-

ucts of the raction of CaS04-2H.O and BaCO.
in clay. Thirty ml of water were added to the

mixture to make the mixture into stiff mud con-

sistency so that a brick could be shaped by hand.

The raw materials were not subjected to pressure.

The brick was fired at 1100°C for an hour. The
pattern shows that there is no BaSOi in the reac-

tion products of this reaction.

Conclusion and Discussion. The building bricks

are widely made by the stiff mud process, in which

the clay is added with a proper amount of water

to give a stiff mud-like consistency. The stiff mud
is forced by an Angers screw through a steel die

of the shade and size desired for the finished ware.

If a small amount of less than one per cent of

BaCOs is added to the clay in such a process to

prevent efflorescence, the soluble sulfates in the

clay do not have a good chance to make contact

with the BaCOs particles for the solid-state reac-

tion to form insoluble BaS04 . If the process of

making the building bricks is by the dry-press

method, the raw materials and the added BaCOs
are pressed together with 5000 psi to form brick;

the BaCOs particles and the sulfate particles have

a good chance to make contact with each other

for the formation of insoluble BaSOi . Therefore,

efflorescence can be prevented, if all soluble sulfate

salts in the clay can be made to react with BaCOs
to form insoluble BaSO*

.
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ELECTRODEPOSITED TIN STRUCTURE*

X-ray and electron microscopic techniques were

employed in order to determine the effects of

various electrodeposition parameters on the struc-

ture of the resulting tin electrodeposit.

The electrodeposits were obtained under rigor-

ous and reproducible experimental conditions.

Deposition was carried out in an electrochemical

cell with high-speed stirring on a polished brass

substrate (amorphous) with a copper flash plate.

Measurements of polarization during the electro-

deposition process were made with an electronic

* Presented at Diffraction Symposium, Cleve-

land, Ohio, June 21, 1962.
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interrupter which eliminated IR drop effects from

the measurements. In all cases the tin was plated

to a thickness for which the structure was char-

acteristic of the deposition conditions and not of

the substrate structure. The X-ray diffraction pat-

tern was obtained by a low incidence diffraction

method. A flat-plate camera was employed to re-

cord the resultant pattern.

The majority of the structure determinations

were made with the presence of certain nonionic

addition agents in the electrolyte (0.8 A^ SnSO* +
2 N H2SO4). These agents have been found to

yield bright white matte tin deposits over a con-

siderable range of current densities. Results showed
that for these agents the fiber axis of the deposit

was in the [101] direction, which for tin corre-

sponds to the most densely packed atom rows.

The grain size and degree of preferred orientation

were found to increase with increase of the de-

posit thickness, while the brightness and reflectiv-

ity decreased. The effects of the rate of stirring

were also noted. Electrochemical activation polar-

ization was found to exert a marked influence on
the structure of the deposit. Deposition under con-

ditions giving low values of the polarization pro-

duced deposits characterized by a large grain size

and somewhat random crystal orientation. In-

crease of the polarization to above about —200 mv
led to bright white matte tin deposits of relatively

small grain size and with the [101] fiber axis noted
above. Further increase of the polarization pro-

duced a gradual increase of grain size and diminu-
tion of the degree of preferred orientation. Results
are tentatively interpreted on the basis of the ad-

sorption of the nonionic addition agent at the

electrode-electrolyte interface.

The structure of tin electrodeposits obtained
from an alkaline stannate electrolyte were also

examined. Polarization accompanying the electro-

deposition process from this bath was very high,

and co-deposition of hydrogen was evident. In
contrast to the results noted above for deposition
from an acid sulfate bath plus a nonionic addition
agent, the deposits obtained from the alkaline

stannate electrolyte (no addition agent) were char-

acterized by an almost completely random orienta-

tion and small grain size, even for considerable
deposit thickness. With relatively thick deposits,

however, a slight degree of [100] fiber orientation

became evident.

Eugene Schwartz

ELECTRON DENSITY CONTOUR MAPS. See Crystal Struc-

ture Synthesis; Fold Integrals.

ELECTRON DETECTORS. See Diffraction of X-Rays: De-
tection and Measurement.

ELECTRON MICRORADIOGRAPHY. See Microradiography
in Biology.

ELECTRON OPTIC INTENSIFIERS. See Intensification of

X-Ray Inages II.

ELECTRON SPIN RESONANCE. See Ammonium Perchlorate.

ELECTRON TRANSFER (ISOTOPIC EXCHANGE^ GAMMA
COUNTING IN

When ions in different states of valence (Fe"^^^

Fe"*"^) are in chemical equilibrium, their isotopes
will also participate in the equilibrium.

The rates at which two distinct ions, or mate-
rials react and the equilibrium therein attained
are points of interest in chemistry. The use of the
radioisotope is a means by which reaction rates

may be measured. From the reaction rates one may
deduce similarities or differences in molecular
structure [Fe^^^ Fe+2, K4Fe(CN)6

, K3Fe(CN)6]
racemization (2,2'-dipyridyl), size of ion, activa-

tion energy of the intermediate compound, etc.

An example of the use of gamma counting to

prove similarities or differences in structure is

contained in the paper by Thompson.

^

Preparation of the Radioactive Samples.
Radioactive iron: Fef| and/or Fefl as chlorides

K4Fe*(CN)6 from Fe*Clo -f KCN

K3Fe*(CN)6 from K4Fe*(CN)6 + CI2

Exchange Reactions
1. Equal volumes of 0.2M K4Fe*(CN)6 and

K3Fe(CN)6 were mixed and samples w^ere with-

drawn at planned intervals. The pH was 8.1,

When a sample was withdrawn, Ce(N03)3 was
added immediately to precipitate KCeFe(CN)6
which was centrifuged, washed, and prepared for

beta and gamma counting.

The supernatant liquid containing K3Fe(CN)6
was evaporated into a platinum dish and the ra-

dioactivity was counted.

Recoveries: Slightly more than half (56 per

cent) as represented by the K4Fe*(CN)6 and about
40 per cent as K3Fe*(;CN)6 .

2. The inverse experiment of (1), K3Fe*(CN)6
and inactive K4Fe(CN)6 , was run at pH 7.3. The
results again showed more than 50 per cent in

the precipitate.

Further experiments included acidic, basic, and
neutral solutions and changes in the initial con-

centrations. The results were the same: complete
exchange was observed in about one minute.

3. FeCls + K3Fe*(CN)6 were mixed in the dark
and allowed to stand for six days. NaOH was
added to precipitate Fe(0H)3 . The Fe(0H)3 was
completely inactive.

4. FeCl3 + K4Fe*(CN)6 were mixed and the

precipitate was centrifuged and allowed to stand

in the dark for six days. The solid was digested

with NaOH to form soluble Na4Fe(CN)6 and in-

soluble Fe(0H)3 . The Fe(0H)3 was completely

inactive.
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5. Neither FeCh + K4Fe*(CN)6 ,
nor FeClo +

K3Fe*(CN)6 produced any active Fe+2.

6. It is well-known that Fe*Cl2 + FeCU and

FeCl2 + Fe*Cl3 completely exchange within sec-

onds.

The activity exchange is graphically shown:

Fe(CN)6— ^ Fe(CN)6

Fe+ + + 4-^ Fe+ +

Conclusions. The investigation shows that

Fe+++ and Fe++ are of a like nature and that

Fe(CN)6"~" and Fe(CN)6 are of a like na-

ture but that the two groups are different. The

crystalline precipitate [(KFe)++++ Fe(CN)6 ]

formed from FeCla and K4Fe(CN)6 was used for

magnetic susceptibility measurements by David-

son and Welo. Half the Fe atoms were paramag-

netic and half were diamagnetic. X-ray studies by

Keggin and Miles^ indicated that the iron atoms

occupied the corners of a single cubic lattice,

each iron atom being linked to its neighbors by

—CN— bonds extended along the edges of the

cube. Pauling interpreted these data to mean
that half the iron atoms are bonded by covalent

links (to the carbon atoms), and half by ionic

links (to the nitrogen atoms). The activity study

in this paper then adds that the Fe-C bonds of the

Fe(CN)6"— and Fe(CN)6 are not broken

during precipitation (with Ce+++ or Fe+++) and

remain intact during digestion with NaOH.
No simple technique, other than activity meas-

urements, is available at this time for such a

problem.
Racemization. Eichler and WahP studied

electron exchange between large complex ions in

connection with racemization. In the early work

with the osmium dipyridyl cations:

d, Os(dipyr)3++—1, Os(dipyr)3+++

there was complete racemization in less than 15

sec. 0si8^-0si**i were the radioactive tracers, and

the color changes and rotations were followed.

In the experiments with iron phenanthrene:

Fe(phen)3++—Fe(phen)3+++ the deductions were

quite clear. Each of these two species would race-

mize at independent rates, characteristic of each,

if there is no electronic interchange. But if the

two species, Avhen mixed, undergo electronic

change, they must be in equilibrium and therefore

the rates of racemization, in a mixture, would be

the same. The phenanthrenes of ferrous and ferric

(like the ferri- and ferrocyanides) undergo elec-

tronic exchange, and data prove that the rates of

racemization of the mixed solutions are identical.

Activation Energies and Sizes of the Ions.

The various investigators have proposed rate

equations for the reactions, and activation ener-

gies have been calculated in the usual manner.

The end purpose will be to hypothesize the kind

of intermediate compound formed in the reaction

and what may be learned of the reaction mecha-

nism.

It is yet too soon to saj^ whether the large posi-

tive ions such as Os(dipyrl)3 ,
Fe(phen)3 or the

large negative ions such as Fe(CN)6 ,
Mn04 react

more quickly^ since the rates are rapid. Published

data indicate that the positive ions are larger

than the negative ions. A combination of activity

counts, polarimeter readings and crystal studies

may indicate size and orientation of these ions

and molecules.
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ELECTRORETINOGRAM IN RESPONSE TO X-RAYS

Under proper conditions, X-rays possess the

rather remarkable abihty of inducing an electro- i

retinogram (ERG) in the vertebrate retina, simi-

lar in many respects to the ERG induced by hght,

and, secondarily, the ability to damage the retina

and impair the production of the ERG.
The electrical activity of the vertebrate retina

is of three types: (1) the retinal action potential,

normally produced by light stimulation, (2) the

action potentials of the ganghon cells and optic

nerve fibers, and (3) a steady corneoretinal po-

tential. The first of these, the retinal action po-

tential is the ERG, and an investigation of its

properties, chiefly in relation to X-rays, will con-

stitute the material to be considered in the present

article.

The properties of the ERG have been examined

in many ways. Modification in stimulus intensity

and duration as well as variation in wave length

have yielded much information about the func-

tioning of the visual system. Various agents have

been used to modify the electrical responses of

the system to hght. It is possible to destroy the

abihty of the retina to produce the ERG by pro-

longed exposure to X-rays, much as the activity

of any nerve can be destroyed by X-rays. This

sort of modification of the ERG by X-rays, chiefly

a damaging effect, will not be considered in the

present article. The objective of this presentation

will be to discuss the procedure whereby the ERG
can be elicited in response to X-ray stimulation,

to consider some of the properties of the ERG in

response to X-rays, and to compare some of its

sahent features with the ERG in response to hght.

Invisibility is generally emphasized as one of

the properties of X-radiation.^ Relatively ^Httle

experimentation has been carried out using X-rays

as a visual stimulus. The abihty of X-rays to evoke

some sort of retinal response, however, has been

known from the fact that, in early years, men
looked into X-ray beams and reported various vis-

ual sensations, called by some an X-ray phos-

phene. Once the harmful nature of X-rays was
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recognized, this sort of activity was promptly cur-

tailed.

The production of the ERG by X-rays has been

studied in this laboratory over the past five years,

and some of the results have been summarized.^"*

Very few records of ERG's in response to X-rays

have appeared in the literature. Elenius and Sysi-

metsa" showed low-level electroretinograms pro-

duced by human subjects in response to X-rays.

Veninga," using X-ray exposures of long dura-

tion—from 1 to 5 sec—showed what appear to be

responses of low amplitude, although no ampli-

tude values or calibration signals were given.

Thier,'' utilizing radium, studied various retinal

responses.

Procedure. Specific procedures of X-irradiation,

found valuable in producing an ERG in response

to X-rays, have been summarized;^ for a basic

treatment of general principles and practices in

measuring bioelectricity, the reader is referred to

the work of Suckhng.^ For the X-ray procedure,

several requirements should be met: (1) The X-
ray beam should be of sufficiently high intensity

and have sufficient penetrating ability that it can

deliver the necessary dose to the retina, which is

situated toward the rear of the eyeball. Although
it is possible to utilize an excised, isolated retina,

or a dissected eye with lens and cornea removed,
the intact eye in the intact animal has been found
much more satisfactory for recording the ERG.
One of the chief advantages is the greater stability

and the greater magnitude of the response for long

periods of time, although, if one is working with

an X-ray beam of relatively low frequencies, the

filtration of the beam by the various parts of the

eye overlying the retina may pose a problem. (2)

The flash of X-rays should be delivered with as

great rapidity as possible. Most conventional X-
ray machines, operating at voltages up to 300 kv,

require considerable time for the build-up of po-
tentials sufficient to deliver a dose of sufficient

magnitude and penetration for the ERG. Even
with sufficient potential, the X-ray beam will be
ineffective in eliciting the ERG unless the peak
intensity can be delivered in a fraction of a second.

This difficulty has been solved by utilization of

the apparatus to be described below. (3) The dura-

tion of the flash of X-rays should be kept as short

as possible, in order to avoid damage to the

retina. This is particularly important in experi-

ments which demand a number of responses to

X-rays. (4) The flash of X-rays should be de-

livered, preferably, to the eye only. Even w^th a

well-colhmated beam, focused on the eye, it is

impossible to avoid completely irradiation of tissue

lying under the eye, but in the frog it is pos-

sible to reduce this objectionable aspect consider-

ably by properly orienting the X-ray beam rela-

tive to the eye, if one takes advantage of the fact

that the eye projects considerably upward.
From the foregoing it may be concluded that

attempts to produce the ERG in response to X-
rays usually fail, due, chiefly, to inability to stim-

ulate the retina with intense, quick flashes of X-
rays of sufficiently high intensity. A sketch showing
how the X-ray beam can be controlled at the same

Fig. 1. Apparatus used for stimulation with light

or X-rays, or both. 1, X-ray beam; 2, light beam;
3, track and support for shutter; 4, lead shutter;

5, housing for control shaft; 6, lead, shield; 7,

photoelectric cell to record X-ray signal; 8, plastic

container. Connections between animal and re-

cording equipment are not shown.

time that the retina is illuminated, if desired, by
visible light, is shown in Fig. 1. The somewhat
intricate system of mirrors for focusing the light

and the photoelectric cells used for monitoring

the light beam and the X-ray beam are not shown
in Fig. 1, nor are the electrodes or other details of

the recording system.

The high-intensity X-ray beam is built up while

the lead shutter protects the eye of the animal

from the beam. Slits of various widths in the lead

shutter are passed over the eye, by remote control,

much as the focal-plane shutter operates in a

camera. The movement of the shutter gives ex-

posures proportional in duration to the width of

the slit and the speed of movement of the shutter.

The duration of the exposure is monitored by a

photoelectric cell sensitive to X-rays, placed in

such a position that the beam of X-rays strikes the

cell at precisely the same time that it strikes the

eye.

Dose Determination. X-rays were produced by
a Picker Vanguard deep-therapy X-ray generator,

operated at voltages and currents up to 280 kv
and 20 ma, with different degrees of filtration, de-

signed to produce a wide range of X-ray intensi-

ties. The target-object distance remained constant

at 12 cm. The beam w^as collimated so as to expose

only the eye of the animal. The intensity of the

X-ray beam was determined by the use of two
Victoreen condenser r-meters specifically chosen

because they had a sensitive volume the same di-

ameter as the eyes used in the experiments. This

permitted an accurate dosage measurement of the

collimated X-ray beam used in irradiating the eye.

In order to determine the dose delivered to the

retina itself, it was necessary to take into account

the filtration of the beam by the ocular material

overlying the retina. The Victoreen dosimeter was
positioned under the X-ray tube at a distance cor-

responding to the distance from the tube to the

retina of the eye in the experimental setup. An
eye of the frog was then inserted into the col-

limator, with the sensitive portion of the dosimeter

in precisely the same position as that occupied by
the retina and with the same filtration of the

X-ray beam by cornea, lens, and ocular fluids as

that of the actual experiments. The doses read
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ERG IN RESPONSE TO LIGHT AND TO X-RAY FLASHES

LIGHT. RESPONSE X-RAY RESPONSE

Fig. 2. Electroretinal responses to light flashes of

0.08 sec duration and intensities from 0.25 to 3000

mc, and to X-rays of 0.04 sec duration and inten-

sities from 6.5 r to 162 r/sec. Calibration values:

200 fiv (vertical) and 150 msec (horizontal). The
duration of the X-ray stimulus utilized here ex-

posed the eye to a minimum of X-ray damage yet

produced a maximal response at the highest m-
tensity.

on the meter were thus exactly the doses recoi\o(i

by the retina after the beam had been filtered.

The dose rate was determined for each of the in-

tensities used in the experiments. The differences

in the values read from the two meters fell within

the limits of accuracy claimed for the instruments

by the manufacturer.

Light stimulation followed conventional proce-

dures, descriptions of which are available in most

complete treatises on physiology. A General Elec-

tric ?^1493 bulb served as the source of light. The

intensity of the light source was calibrated by re-

ferring the source to a standard lamp obtained

from the National Bureau of Standards. The in-

tensity of the light is expressed in meter candles

(m-c).

Control of the X-rays and of the light was car-

ried out in a room adjacent to the room in which

the animal was irradiated and illuminated. It was

thus possible to keep the animal in total darkness

and secure a high degree of dark adaptation, a

necessary prerequisite for significant quantitative

studies on the X-ray ERG.
Results and Discussion. Although various ani-

mals are readily available for studies involving

the ERG, the common grass frog, Rana pipiens,

was chosen for the X-ray ERG in the present

studies because of its adaptability to the experi-

mental setup and because of the fact that the

distribution of rods and cones in the frog's retina

is approximately that of the human retina. This

latter factor permits comparisons and interpreta-

tions involving results obtained wdth the human
retina.

The rather amazing ability of the retina to re-

spond to flashes of X-rays and the similarity of the

response to light are shown in the typical electro-

retinograms in Fig. 2. These were recorded from

summer animals collected from the field, in ex-

cellent condition, an important factor in securing

good responses. There is a striking similarity be-

tween the responses to light from threshold to

about 5.5 m-c and the responses to X-rays from

threshold to 162 r/sec, the latter representing a

maximal response to X-rays. It should not be con-

cluded, however, that the mechanism of action of

the two stimuli are the same; certain differences

should be pointed out. In addition to the quantita-

tive differences to be considered later, one can see

that the X-ray response lacks to a high degree the

small but prominent a-wave (the first negative

deviation from the resting potential, shown as a

downward deflection in the oscillographic trace)

observed in the responses to high-intensity light

stimulation. The large positive (upward) deflection

is known as the 5-wave and will constitute the

wa\'G on which all subsequent calculations and

observations will bo made. With the a-wave, it is

the "on" response.

The mean maximal amplitude of the 6-w^ave

from 35 animals in response to X-rays was 665

fjLV, whereas the mean maximal amplitude obtained

from the same animals in response to light was

1010 fjiv. Increasing the intensity or the duration

of the stimulus in either case did not increase the

amplitude beyond these maximal ^'alues. The mag-
nitude of the stimulus employed to evoke the re-

sponses shown in Fig. 2 covered a 12,000-fold range

for light, whereas the range for X-rays was only

25-fold.

The somewhat complex relationship of intensity

of stimulus and duration of stimulus on amplitude

of response, latent period of response, and rate of

rise of response is shown in Figs. 3-8. Figs. 3 and 4

show, in addition to the observations made above,

that the light response is a stronger response than

Fig. 3. AmpKtude of b-wave of ERG in response

to X-ray stimulation, plotted as a function of dura-

tion of stimulus and intensity of stimulus.
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the X-ray response. Figures 5 and 6 show differ-

ences in the latent period of the response as a

function of duration and intensity of stimulus. The
longer latent periods of the X-ray response sug-

gest different mechanisms in the interaction be-

FiG. 4. Amplitude of b-wave of ERG in response

to light stimulation, plotted as a function of dura-

tion of stimulus and intensity of stimulus.

Fig. 5. Latent period of b-wave of ERG in re-

sponse to X-ray stimulation, plotted as a function

of intensity of stimulus and duration of stimulus.

L E s

Fig. 6. Latent period of b-wave of ERG in re-

sponse to light stimulation, plotted as a function

of intensity of stimulus and duration of stimulus.

Fig. 7. Rate of rise of b-wave in response to X-
ray stimulation, plotted as a function of duration

of stimulus and intensity of stimulus.

Fig. 8. Rate of rise of b-wave of ERG in re-

sponse to light stimulation, plotted as a function

of duration of stimulus and intensity of stimulus.

tween the photoreceptors and X-raj's, on the one

hand, and the photoreceptors and light on the

other. It is here suggested that the reaction of the

radicals produced by X-rays is involved in the

chemical change." Figs. 7 and 8 permit a compari-

son of the rate of rise of the X-ray ERG and of

the light ERG as a function of the intensity and

duration of stimulus. The hght ERG is capable

of a much greater rate of rise than the roentgen

ERG. This suggests, as in the case of the latent

period, that an immediate reaction, or at least a

more direct action, is involved in the light ERG,
as opposed to a reaction mediated through sec-

ondary processes in the X-ray ERG. Not only is

a longer period of induction (the latent period) re-

quired, but, once the change in potential of the

retina begins, the process proceeds much slower

with X-rays.

It might be objected that the considerable num-
l)er of exposures to X-irradiation necessary to pro-

duce the three-dimensional graphs in Figs. 3, 5,

and 7 may have damaged the retina, thereby

bringing about the observed weaker responses.

While it is true that at high intensities and long

durations of X-ray stimulation the X-ray ERG
deteriorates, this was taken into consideration in
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Fig. 9. Effect of stimulation at a frequency of

one per minute on the relative amplitude of the

response to X-rays. This figure shows the relative

amplitude of theERG of a typical animal, plotted

as a function of time in minutes. All values \yere

computed by referring the measurement obtained

at any particular time to the measurement ob-

tained at zero time. Zero time corresponded 1o tlie

time of the first response to X-ray stimulation.

1.4

o
o 1.2

gOa^^O^ 0<^VoO 0°° °°„\0

D.

1-

LU

1.0
o. j^^"^ #^o

°:°v°°^^°°°ro

<

>

0.8

<
_1 0.6

On Response to X-Ray Stimulation at

q:

0.4

Frequency of 1/Min for 155 Minutes

Fig. 10. Effect of stimulation at a frequency of

one per minute on the relative latent period of the

response to X-rays. Conditions are as described

for Fig. 9. The Veciprocal is plotted because a

shorter latent period connotes an enhancement of

activity and is shown as a rise in the value plotted

in the figure.

planning the experiments necessary for the con-

struction of the curves. Approximately 50 animals

were utilized in establishing these curves, and the

order of progression of stimulation was often re-

versed so as to give, at certain times, maximal

stimuli first and at other times threshold stimuli

or intermediate stimuli first. Thus any trend to-

ward deterioration of response with repeated stim-

ulation could be detected, if present. There is,

however, an amazing ability of the retina to with-

stand the deleterious effects of repeated X-ray

flashes. Figs. 9-11 show that stimulation with

flashes of X-rays at 162 r/sec and 0.04 sec dura-

tion, once per minute for a period of 155 min, has

no deleterious effect on the three parameters under

consideration. There is, in fact, a suggestion of en-

hanced activity as the exposures continued.

Site of Action of X-rays. Absorption of X-ray

photons by the rods of the retina is apparently re-

sponsible for the production of the ERG. This

assumption is based on three lines of evidence.

First, no ERG in response to X-rays could be

elicited from the horned toad in this laboratory:

this animal lacks rod vision. Second, the shape of

the dark-adaptation curves (Figs. 12. 13) indicates

that the response is due to the functioning of the

rods. When the logarithm of the brightness of

light necessar.y to produce a constant response is

plotted as a function of time in the dark, the re-

sulting curves for dark adaptation show a break

which characteristically occurs during the early

stages of adaptation. This break is similar to breaks

w^hich have been reported in curves for dark

adaptation in human beings; such breaks have

been shown to indicate a shift from cone to rod

function. Sucli a break was observed in the ERG
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Fig. 11. Effect of stimulation at a frequency of

one per minute on the relative rate of rise of the

response to X-rays. Conditions are as described

for Fig. 9.
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Fig. 12. Dark adaptation curves for the frog

retina as determined by the ERG in response to

hght. Details are given in the text.
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Fig. 13. Dark adaptation curves for the frog

retina as determined by the ERG in response to

X-rays. Details are given in the text.

in response to light (Fig. 12) but not in the ERG
in response to X-rays (Fig. 13), this being indica-

tive of rod function. Third, when the retina was

exposed to high-intensity light for a period of 5

min, no response to X-rays could be eUcited for

a period of 8 to 10 min after the end of the light

exposure, whereas light stimulation of high in-

tensity during this period produced a response, at-

tributable to the functioning of the cones.

Conclusion. The vertebrate retina, exempHfied

in that of the grass frog, is a very sensitive de-

tector of X-rays, producing an ERG in response

to X-rays in many respects comparable to that

produced in response to light. The X-ray ERG,
however, is a weaker response; this is seen in the

lower ampHtude, the slower rate of rise, and the

longer latent period of the response. The X-ray

ERG also requires a higher degree of dark adapta-

tion and is more easily destroyed by adverse

agents, including X-rays themselves. This is an

interesting anomaly, namely, that X-rays are capa-

ble of eliciting an ERG and are also capable of

destroying the ability of the retina to produce an

ERG. The basic mechanisms operative in both

phenomena are not well understood and constitute

a challenging field for further investigation.
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EMBRYO (CHICKEN): REACTION TO X-IRRADIATION

The embryo of the Single Comb White Leghorn

chicken, Gallus Domesticiis, appears to be the

most susceptible to X-ray irradiation during the

first six days of its development. To a great extent,

early mortality following X-irradiation is due to

vascular deterioration rather than from direct radi-

ation effects on the cells. Single dose susceptibility
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Fig. 1. Normal and dwarf embryos, 20 days of

incubation. The dwarf embryo survived an lDso

dose of X-irradiation at one day of age.

Fig. 2. Exposed brain due to closure failure of

the frontal plate, embrvo at 20 days of incubation,

treated at three days of age.

Fig. 3. Enlarged area at base of skull indicates

hydrocephalic condition in this 20 day embryo sur-

viving an LDso dosage received on sixth day of in-

cubation.

at a rate of 60 roentgen units per minute at the

embryo position within the egg has revealed the

LDso 24 hr after treatment for the unincubated

egg was 1050 to 1150 r. A lower range from 850 to

900 r w^as found to produce an LDso at 18 days of

incubation and a lower range of 650 to 700 r pre-

vented hatching to produce an LDso by 22 days of

incubation. Resistance to X-ray irradiation has

been found to decrease through the second day of

incubation to 350 r. There then begins an increase

in resistance through the fifth day where it stabi-

hzes at about 600 to 650 r until the eighth day.

From the eighth through the twelfth day, the

sensitivity based on LD50/24 again decreases from

575 r to 850 r. A second period of decreasing re-

sistance may be noted from the thirteenth through

the seventeenth day of incubation. From the

eighteenth through the twenty-first day, resistance

again increases to a level above that of the fertile

or unincubated egg. After hatching, the resistance

of the chick rises sharply to a range of 1400 r to

1500 r.

Various abnormalities have been noted at 20

days of incubation when embryos were treated

prior to the seventh daj^ of development. These

abnormalities appear as missing or deformed digits

and mandible, dwarfed (Fig. 1) body development,

extra toes, exposed brain (Fig. 2) due to failure of

the closure of the frontal plate of the cranium,

club feet, and a hydrocephahc condition (Fig. 3).

These abnormalities have been observed in various

combinations and are thought to be determined in

part by the precise state of development, as well

as the position orientation of the embiyo during

the treatment period.

A progressive depression in growth rate of the

cliicks hatched from embryos treated through the

twelfth day of incubation has been observed. The
depressing effect decreases after the twelfth day

and continues to decrease through the eighteenth

day. Ovulation rate, as expressed through egg pro-

duction of females surviving irradiation during the

pre-incubation period and during the first three

days of incubation, w^as found to be generally

lower than for females produced from nonirradi-

ated embryos for the first 280 days of egg produc-

tion. Depressed egg production can be correlated

with irradiation dosage received. It has been shown

that egg production decreases approximately 1.66

per cent for each 50 r of irradiation during em-
bryonic development. This inhibitory effect of ir-

radiation upon egg production has been graphically

depicted at the higher dosage levels but the ability

to ovulate and lay eggs is still present in these

individuals. Female survivors of exposure on the

second, ninth, twelfth, fifteenth and eighteenth

days of embiyonic development reveal that all

irradiated survivors have significantly lower ovu-

lation rates than nonirradiated birds.

When hens with irradiation histories were in-

seminated with semen from nonirradiated males,

fertility of the eggs and the abihty of the em-

bryo to hatch did not differ significantly from the

nonirradiated individuals.

Further information concerning mode of death

due to X-ray irradiation as well as the reaction of

the chick exposed to other types (i.e., gamma) of

irradiation mav be found in the references.
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EMISSION FROM X-RAY TUBES, EVALUATION OF

The radiation emitted by an X-ray tube, the

focal radiation and the off-focal radiation, can be

evaluated using ionization chambers or roentgen

films for the purpose. The most common and

most convenient method is the use of a pinhole

camera. This consists of a radiation-absorbing

plate with a small hole between the tube to be

examined and a roentgen film (Fig. 1). By suitable

exposure, the image of the focal spot or of the

off-focal radiation is obtained on the film.

The aperture of the pinhole must be small in

order to avoid a blurred and distorted image. On

-^

/V\

/
1

\

/ i \

/
\^^

Fig. 1. Principle of the pinhole camera. F is the
radiation emitting area (e.g., a focal spot), P the
pinhole diaphragm plate with a small hole, and /

is the film. The size (/) of the radiating area may
be determined from the size of the image (0 ac-

cording to the equation j/d = i/e. The density of

the image must be within thel imits 0.6 to 1.0.

Fig. 2. Structure of the pinhole according to the

recommendation of the I.C.R.U. See also text.

Fig. 3. Pinhole film of the focal spot of a diag-

nostic roentgen tube. Pinhole diameter 0.070 mm.
Nominal size of the focal spot 2X2 mm, enlarge-

ment factor 3.5 (in the original film). Measured
size of the focal spot 10 X 11 mm. Exposure 1500

mAs at 90 kv with a three-phase generator.

the other hand the absorbing plate must be thick

enough to avoid the clouding of the film outside

the actual image. A small hole in a thick plate

necessitates a heavy exposure. This can be helped

by making a part of the pinhole in a conical shape.

For tubes used in medical (diagnostic) work up

to 150 kv, the Subcommittee IV of the I.C.R.U.

recommends the following construction for the

pinhole camera

:

The pinhole diaphragm shall be manufactured

from a 90/10 gold-platinum alloy, 1.5 mm. thick.

The pinhole consists of a cyhndrical part, which is

five times as long as its diameter and which is fol-

lowed by a conical part with a divergent angle of

8 deg. (Fig. 2). Pinhole diameter is 0.030 mm for

focal sizes below 1 mm, 0.075 mm for focal sizes

1.0 mm to 2.5 mm and 0.100 for focal sizes above
2.5 mm. The pinhole must be located at a distance

no less than 10 cm from the focal spot. An en-

largement factor, 2.0 minimum for focal sizes up
to 2.5 mm and 1.0 for those above 2.5 mm, is rec-

ommended. Any normal, single-coated dental film

may be used. Image density of the focal spot must
be inside the limits 0.6 to 1.0.

The dimensions of the focal spot may be studied

on the pinhole film ; the actual dimensions may be

calculated of the dimensions of the image accord-

ing to simple geometric laws (see caption of Fig.

1). The most common errors are that the pinhole

is too large and that the density of the image is

not inside the recommended limits.

If the off-focal radiation is studied (Fig. 4, a-b),

a larger pinhole may be used. This also shortens

the necessary exposure time.

The intensity of the emission from different

parts of the tube may be densitometrically ana-

Ivzed.
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F

A

Fig 4 (a) Focal and off-focal radiation from a diagnostic roentgen tube (b) Explanatory

drawing F = overexposed image of the focal spot. A = image of the anode plate O - ott-

focal radiation through the "tube window." The outer circle m the drawing shows the limits

of the tube window, which is an opening in the lead cylinder surrounding the oil-immersed

tube.
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P. VUORIXEN

EMISSION LINES (K, L) ENERGIES OF. See Energies of

X-Ray K and L Emission Lines and Critical Absorption

Edges.

ENERGIES OF X-RAY K AND L EMISSION LINES AND

CRITICAL ABSORPTION EDGES FOR ALL THE ELE-

MENTS (See TABLE p. 335)*

The characteristic X-ray emission lines and ab-

sorption edges of the elementsf have been com-

piled by different authors^' ^ in terms of wave-

length and v/R values. With the development and

increased application of energy-proportional de-

tectors in the nuclear and X-ray fields, ^ a need

*From Norelco Reporter, 3, No. 6, 113, by
permission.

t Originally pubHshed in Nucleonics, Vol. 13,

No. 3, pp. 36-37, March 1955.

has arisen for an up-to-date, complete and con-

sistent table of energy values in kev of the promi-

nent K and L absorption and emission series. In

the use of these detectors, information concerning

the radiations is characterized by pulse amplitudes

and analyzed by electronic detecting equipment^

in terms of volts which are proportional to the

radiation energies. This is in contrast to the opti-

cal spectrometric analj^sis of the radiation, where

angular settings have been related to radiation

wave lengths. The authors have found an urgent

need for a set of energy tables as a consequence of

their work on the development and application of

proportional counters for the detection of X-radia-

tion.5 Full knowledge of the properties of the pro-

portional counter, including an explanation of the

main and escape peaks in the pulse height distri-

bution, must include information concerning the

absorption and emission energies of the filling

gases. ^ Search of the available literature yielded

no reliable and consistent values of these energies.

The table of energy values presented in this report

has evolved out of this particular need and has

been extended to include all the elements from

Z = 1 to 100.

Discussion. The values presented in the table

were, in the main, obtained by a conversion to kev

of wavelength values in Cauchois and Hulubei^

and supplemented by energy values given by Cau-

chois,' and Hill, Church and Mihelich.^ A small

number of values were obtained by conversion of

values in Compton and Allison, ^ and C. E. Moore. ^^

Criteria for the evaluation and weighting of the

data from which the source values were derived

have been established and applied by the authors

cited above. Where a choice existed between the

source values of different authors, the value chosen

was the one derived from later work. The applica-

tion of this rule resulted in a division of the table

into two major sections.

The source of most of the values in the first
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X-Ray Critical-Absorption and Emission Energies in kev

Atomic
K series

L aeries

Num-
ber Element Xab Kp2 K^i Kai Ka2 Llab LlUh Llllab Lyi LP2 L/3i Lai La2

1 Hydrogen 0.0136J

2 Helium 0.02461

3 Lithium 0.055 O.Ub'Z

4 Beryllium 0.116§ 0. lU

5 Boron 0.192t 0. 85

6 Carbon 0.283 0. 282

7 Nitrogen 0.399 0.392

8 Oxygen 0.531 0. yz6

9

10

Fluorine

Neon
0.687t
0.874*

0.

0.

377

B51§ 0.048t 0.022t 0.022t

11 Sodium 1.08* 1.067 1. D41 0.055§ 0.034§ 0.034§

12
13

Magnesium
Aluminum

1.303
1.559

1.297
1.553

1.

1.487
254

1.486
0.063 0.050
0.087 0.073**

0.049
0.072**

14

15

Silicon

Phosphorus
1.838
2.142

1.832
2.136

1.740
2.015§

1.739
2.014§

0.118* 0.099**
0.153* 0.129§

0.098**
0.128§ :s-- .-

16 Sulphur
Chlorine

2.470 2.464 2.308 2.306 0.193* 0.164** 0.163**

17 2.81911 2.815 2.622 2.621 0.238* 0.203§ 0.202§

18 Argon
Potassium

3.203 3.192§ 2.957 2.955 0.287* 0.247** 0.245**

19 3.607 3.589 3.313 3.310 0.34i* 0.297** 0.294**
0.341

20 Calcium 4.038 4.012 3.691 3.688 0,399* 0.352 0.349 0.344

21

22
23

Scandium 4.496 4.460 4.090 4.085 0.462* 0.-411** 0.406** 0.399 0.395

Titanium 4.964 -4.931 4.510 4.504 0.530* 0.460** 0.454** 0.458 0.452

Vanadium 5.463 -5.427 4.952 4.944 0.604* 0.519** 0.512** 0.519 0. DlU

24 Chromium 5.988 -5.946 5.414 5.405 0,679* 0.583** 0.574** 0.581 0.5/ i

25 Manganese 6.537 6.490 5.898 5.887 0.762* 0.650** 0.639** 0.647 o.r""DOSO

26
27
28

7.111 7.057 6.403 6.390 0.849* 0.721** 0.708** 0.717 0. 704

Cobalt
Nickel

7.709 7.649 6.930 6.915 0.929* 0.794** 0.779** 0.790 0. 775

8.331 8.328 8.264 7.477 7.460 1.015* 0.871** 0.853** 0.866 0. 349

29 Copper
Zinc

8.980 8.976 8.904 . 8.047 8.027 1.100* 0.953 0.933 0.948 o.y^a

30 9.660 9.657 9.571 8.638 8.615 1.200* 1.045 1 . 022 1 . 032 1. Duy

31 Gallium 10.368 10.365 10.263 9.251 9.234 1.30* 1.134** 1.117** 1.122 1. 096

32 Germanium 11.103 11.100 10.981 9.885 9.854 1.42* 1.248** 1.217** 1.216 1. 186

33 Arsenic 11.863 11.863 11.725 10.543 10.507 1.529 1.359 1.323 1.317 1. 282

34 Selenium 12.652 12.651 12.495 11.221 11.181 1.652 1.473 1.434 1.419 1. 379

35 Bromine 13.475 13.465 13.290 11.923 11.877 1.794§ 1.599** 1.552** 1.526 1. i80

36 Krypton 14.323 14.313 14.112 12.648 12.597 1.931§ 1.727** 1.675** 1.638§ 1. 587**

37 Rubidium 15.201 15.184 14.960 13.394 13.335 2 . 067 1 . 866 1.806 1.752 1.694 1.692

38 Strontium 16.106 16.083 15.834 14.164 14.097 2.221 2.008 1.941 1.872 1.806 1.805

39 Yttrium 17.037 17.011 16.736 14.957 14.882 2.369 2.154 2.079 1.996 1.922 1.920

40 Zirconium 17.998 17.969 17.666 15.774 15.690 2.547 2.305 2.220 2.302 2.219 2.124 2.042 2.040

41 Niobium 18.987 18.951 18.621 16.614 16.520 2.706 2.467** 2.374 2.462 2.367 2.257 2.166 2.163

42 Molybdenum
Technetium

20.002 19.964 19.607 17.478 17.373 2.884 2.627 2.523 2.623 2.518 2.395 2.293 2.290

43 21. 054 § 21.012§--20.5851 18.41011 18.32811 3.054§ 2.795§ 2.677§ 2.792§ 2.674§ 2.538§ 2.424§ 2.420§

44 Ruthenium 22.118 22.072 21.655 19.278 19.149 3.236§ 2.966 2.837 2.964 2.836 2.683 2.558 2.554

45 Rhodium 23.224 23.169 22.721 20.214 20.072 3.419 3.145 3.002 3.144 3.001 2.834 2.696 2 . 692

46 Palladium 24 . 347 24.297 23.816 21.175 21.018 3.617 3.329 3,172 3,328 3.172 2.990 2.838 2.833

47 Silver 25.517 25.454 24.942 22.162 21.988 3.810 3.528 3,352 3.519 3.348 3.151 2.984 2.978

48 Cadmium 26.712 26.641 26.093 23.172 22.982 4.019 3.727 3.538 3.716 3.528 3.316 3.133 3.127

49 Indium 27.928 27.859 27.274 24 . 207 24 . 000 4.237 3.939 3.729 3.920 3.713 3.487 3,287 3.279

60 Tin 29.190 29.106 28 . 483 25.270 25.042 4.464 4.157 3,928 4.131 3.904 3.662 3.444 3.435

51 Antimony 30.486 30.387 29.723 26.357 26.109 4.697 4.381 4.132 4,347 4.100 3.843 3.605 3.595

52 Tellurium 31.809 31.698 30.993 27.471 27 . 200 4.938 4.613 4,341 4,570 4.301 4.029 3.769 3.758

53 Iodine 33.164 33.016 32.292 28.610 28.315 5.190 4.856 4.559 4.800 4.507 4.220 3.937 3.926

54 Xenon 34.579 34.44611 33.644 29 . 80211 29 . 48511 5 . 452 5 . 104 4.782 5,036§ 4.720§ 4.422§ 4.111^ 4.098§

55 Cesium. 35.959 35.819 34.984 30.970 30.623 5.720 5.358 5,011 5.280 4.936 4.620 4.286 4.272

56 Barium 37.410 37.255 36.376 32.191 31.815 5.995 5.623 5.247 5.531 5.156 4.828 4.467 4.451

57 Lanthanum 38.931 38.728 37.799 33.440 33 . 033 6.283 5,894 5.489 5.789 5.384 5.043 4.651 4.635

58 Cerium 40.449 40.231 39.255 34.717 34.276 6.561 6.165t 5.729 6.052 5.613 5.262 4.840 4.823

59 Praseodymium 41.998 41.772 40.746 36.023 35.548 6 . 846 6 . 443 5.968 6,322 5.850 5.489 5.034 5.014

60 Neodymium 43.571 43.2981 42.269 37.359 36.845 7.144 6.727 6.215 6.602 6.090 5.722 5.230 5.208

61 Proniethium 4o.207§ 44.955§ -43.94511 38.64911 38.16011 7.448§ 7.018§ 6.466§ 6.891§ 6.336§ 5.956 5.431 5.408§

62 Samarium 46.846 46.55311 45.400 40.124 39.523 7.754 7.28111 6.721 7.180 6.587 6.206 5.636 5.609

63 Europium
Gadolinium

48.515 48.241 47 . 027 41.529 40.877 8.069 7.624 6.983 7.478 6.842 6.456 5.846 5.816

64 50.229 49.961 48.718 42.983 42.280 8.393 7.940 7.252 7.788 7.102 6.714 6.059 6.027

65 Terbium 51.998 51.737 50.391 44.470 43.737 8.724 8.258 7.519 8.104 7.368 6.979 6.275 6.241

66 Dysprosium
Holmium

53.789 53.491 52.178 45.985 45.193 9.083 8.62111 7.85011 8.418 7.638 7.249 6.495 6.457

67 55.615 55.292** 53.934§ 47.528 46.686 9.411 8.920 8.074 8.748 7.912 7.528 6.720 6.680

68 Erbium 57.483 57 . 088 55.690 49.099 48.205 9.776 9.263 8.364 9.089 8.188 7.810 6.948 6.904

69 Thulium 59.33511 58.969** 57.57611 50.730 49.762 10.144 9.628 8.652 9.424 8.472 8.103 7.181 7.135

70 Ytterbium 61.303 60.959 59.352 52.360 51.326 10.486 9.977 8.943 9.779 8.758 8.401 7.414 7.367

71 Lutecium 63 . 304 62.946 61.282 54.063 52.959 10.867 10.345 9.241 10.142 9.048 8.708 7.654 7.604

72 Hafnium 65.313 64.936 63.209 55.757 54.579 11.264 10.734 9.556 10.514 9.346 9.021 7.898 7.843

73 Tantalum 67.400 66.999 65.210 57.524 56.270 11.676 11.130 9.876 10.892 9.649 9.341 8.145 8.087

74 Tungsten
Rhenium

69 . 508 69.090 67 . 233 59.310 57.973 12,090 11.535 10.198 11.283 9.959 9.670 8.396 8.333

75 71.662 71.220 69.298 61.131 59 . 707 12.522 11.955 10.531 11.684 10.273 10.008 8.651 8.584

76 Osmium 73.860 73.393 71.404 62.991 61.477 12.965 12.383 10.869 12.094 10.596 10.354 8.910 8.840

77 Iridium 76.097 75.605 73 . 549 64.886 63.278 13.413 12.819 11.211 12.509 10.918 10.706 9.173 9.098

78 Platinum 78.379 77.866 75.736 66.820 65.111 13.873 13.268 11.559 12.939 11.249 11.069 9.441 9.360

79 Gold 80.713 80.165 77.968 68.794 66.980 14.353 13.733 11.919 13.379 11.582 11.439 9.711 9.625

80 Mercury 83.106 82.526 80.258 70.821 68.894 14.841 14.212 12.285 13.828 11.923 11.823 9.987 9.896
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Atomic
Num-
ber Element

Thallium
Lead
Bismuth
Polonium
Astatine

Radon
Francium
Radium
Actinium
Thorium

Protactinium
Uranium
Neptunium
Plutonium
Americium

Curium
Berkelium
Californium

99
100

z =
z =
z =

K aeries L aeries

K, Kfi2 K^x Kai Kai -Li.b ilUb LlII»b J^7l Lfii LP, Lai Lai

85.517
88.001
90.521
93.112
95.740

98.418
101.147

84.904
87 . 343
89.833
92.386
94.976

97.616
100.305

103.927 103.048
106.759 105.838
109.630 108.671

112.581 111.575
115.591 114.549
118.619 117.533
121.720 120.592
124.876 123.706

128.088 126.875
131.357 130. 101

134.683 133.383
138.067 136.724
141.510 140.122

82.558
84 . 922
87 . 335
89 . 809
92.319

94.877
97 . 483
100.136
102.846
105.592

108.408
111.289
114.181

72.860
74.957
77 . 097
79.296
81.525

83 . 800
86.119
88.485
90.894
93 . 334

70.820 15.346 14.697

72.794 15.870 15.207

74.805 16.393 15.716

76.868 16.935 16.244

78.956 17.490 16.784

81.080 18.058 17.337
83.243 18.638 17.904

85.446 19.233 18.481

87.681 19.842 19.078

89.942 20.460 19.688

95.851 92.271 21.102 20.311

98.428 94.648 21.753 20.943

101.005 97.023 22.417 21.596

117 146 103.653 99.457 23.097 22.262

120.163 106.351 101.932 23.793 22.944

123 235 109.098 104.448 24.503 23.640

126.362 111.896 107.023 25.230 24.352

129 544 114.745 109.603 25.S71 25.080

132 781 117.646 112.244 26.729 25.824

136.075 120.598 114.926 27.503 26.584

Obtained from R. D. Kill, K. L. Church, J. W. Mihdi.h. f Derived from Compton and Allis.

Values derived fro-n Cauchols and Huluhei which deviate from the Mo.elev law. Better-f.ttmg

4.3, Ka, = 18.370, Ka: = 1B.2.S0. KH, = 20.612: Z = .VI. Aa, = 29.. .9. A«, = 29.46.5. Arf,

61, Kai = .38.726, Aa, = .38.180, A73, = 13.811: Z = 62, A^, = 16..,81. /.,

69, A„b = 59.382, A'/3, = .57.187.
. , , ,, • ,

•

Calculated bv method of least squares. Calculated b_v iratiMliou relation

12.657 14.288 12.268 12.210 10.266 10.170

13.044 14.762 12.620 12.611 10.549 10.448

13.424 15.244 12.977 13.021 10.836 10.729

13.817 15.740 13.338 13.441 11.128 11.014

14.215 16.248 13.705 13.873 11.424 11.304

14.618 16.768 14.077 14.316 11.724 11.597

15.028 17.301 14.459 14.770 12.029 11.894

15.442 17.845 14.839 15.233 12.338 12.194

15.865 18.405 15.227 15.712 12.650 12.499

16.296 18.977 15.620 16.200 12.966 12.808

16.731 19.559 16.022 16.700 13.291 13.120

17.163 20.163 16.425 17.218 13.613 13.438

17.614 20.774 16.837 17.740 13.945 13.758

18.066 21.401 17.254 18.278 14.279 14.082

18.525 22.042 17.677 18.829 14.618 14.411

18.990 22.699 18.106 19.393 14.961 14.743

19.461 23.370 18.540 19.971 15.309 15.079

19.938 24.056 18.980 20.562 15.661 15.420

20.422 24.758 19.426 21.166 16.018 15.764

20.912 25.475 19.879 21.785 16.379 16.113

.311

X Derived from C. E. Moore.

aiues are: Z = 17, K^i = 2.826:

: 34.398: Z = 60, A'^-, = 43.349:

Z = 66. /.,, = 8..391, A,,, = 7.790:

N alues prefixed with a — sign are A';3i+;

section, elements up to Z = 69, is Cauchois and

Hulubei.i A block of Ln and Lm abs. edge values

from Z = 10 to 36 not listed by them were derived

from differences between the convered Kai, and

Kai or Ka2 values, according to the transition re-

Llllab = Kal>

Lllab = Kab Ka>

lations. Missing Liab values in this region were

obtained from Hill, Church and Mihelich.^ Other

missing values in the section up to Z = 69 were

calculated by transitions or least squares linear

fitting. 10 This is annotated in detail in the table.

Cauchois"^ has re-evaluated X-ray energy levels

and lists new energy values of the absorption

edges for the elements Z = 70 to 83, 88, 90 to 92.

These values are used in the second section of the

table, for elements Z = 70 and above. Missing ab-

sorption edges up to Z = 100 were obtained by

least squares quadratic fitting, ^o using ten values,

Z = 78 to 83, 88, 90 to 92. All the emission values*

listed in the table from Z = 70 to 100 have been

calculated by using the new Cauchois and least

squares fitted values of the absorption edges, ac-

cording to the transition relations

Kai = Kab — Li 1

1

Kao = Kab ~ Li I

K/3i = Kab - Mm
K/32 = Kab - NlII

Lai = Liii - Mv

* Recent experiments reported by P. P. Day,

Phys. Rev. 97, 689 (1955) and H. Jaffe, T. O.

Passell, C. I. Browne, I. Perlman, Phys. Rev. 97,

142 (1955) confirm our values for neptunium and

americium L. emissions.

Lao = Liir — Miv

L/3, = Lii - Miv

LB: = L,ir - Nv

L-, = L,, - X,v

.Malhemalical Operations. The two conver-

sion equations relating energy and wavelength

that were used are^^

where

E (kev)

E (kev)

X(grating)

X(Siegbahn)

12.39644 ± 0.00017

12.39644

(kX unit) (1.002020)

= 1.002020 ± 0.000011

In computing values, the number of places re-

tained was sufficient to maintain the uncertainty

in the original source value. The values in the

table have been listed uniformly to 1 electron volt.

However, as has been pointed out by Y. Cauchois,

and Hill, Church and Mihelich, there may be an

uncertainty as large as 10 to 20 electron-volts due

to shifts in the absorption edges depending on the

chemical form of the element.

In order to discover computational errors, a

tabulation was made of the square root of the

energy values (Moseley's Law) and second differ-

ences thereof . This operation revealed that a gen-

erally consistent table resulted from the combina-

tion of fitted values and values derived from the

various source values. However, there were a few

irregularities in second differences caused by a de-

viation of some of the Cauchois and Hulubei
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values from the Moseley Law. These were retained

in the table, but a set of calculated better fitting

values are given in the footnotes to the table.
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ENZYME INACTIVATION BY RADIATION. See Radiobotany.

ENZYMES AS CATALYSTS: MECHANISMS OF RADIATION

EFFECTS

Enzymes are protein macromolecules of living

origin possessing catalytic activity for biochemical

reactions of life processes. The enzyme molecules

catalyzing each kind of process show a high de-

gree of specificity, binding very specific substrate

molecules, or their close relatives, at presumed

active sites. By presumed holding of substrate

molecules in favorable juxtaposition reaction is

greatly accelerated, and reaction at the enzyme

surface takes place at a much higher rate than in

free solution. The proliferation, selective activa-

tion, and inhibition of specific enzymes is impor-

tant in maintaining the controlled dynamic balance

of biochemical reaction rates necessary for life in

its many forms, many levels of organization, and

manifold environmental responses.

The chemical damage inflicted upon molecular

structure by ionizing radiation could have impor-

tant biological consequences, considering the vul-

nerabihty of macromolecular structure to such

damage and the importance of enzymatic control

for life continuity. Effects of ionizing radiation on

extracted enzymes, irradiated either before or after

extraction, or upon extracellular enzymes, have

not, however, proved important for fundamental

radiobiology. Many enzymatic changes are ob-

servable in irradiated organisms, but these appear,

probably without exception, to be adjustments or

disturbances in dynamic enzyme balance rather

than an immediate chemical damage to any given

kind(s) of enzyme molecules. There is probably no

specific type of enzyme molecule involved in such

critically small numbers that immediate molecular

damage could lead to irreversible biological

change. There is at least none generally agreed

upon, although the possibility of course exists

until the nature of primary radiobiological lesion

is clearly described and proved.

In the meantime, enzyme radiation effects are

of interest more for what they can show about

enzyme structure and function or about the nature

of radiation damage in biological structures less

complicated than whole cells or organisms. It fol-

lows also that much higher radiation doses are

usually required for effects upon a given enzyme
than for effects upon biological systems of higher

complexity. A further operational distinction be-

tween a given enzyme reaction and a response of

a whole organism is also pertinent: an enzyme
system properly always involves a definite assay

procedure. A sample of material to be tested for

a specific enzymatic activity is combined under ap-

propriate chemical and physical circumstances

(temperature, pH, ionic strength, etc.) with a spe-

cific reactant substrate or substrates. The rate

of disappearance of a reactant or of appearance

of a reaction product is measured. The rate meas-

urement establishes the quantity of active enzyme
present, subject to the chemical definition of the

reaction step or steps inherent in the substrate(s)

and/or product(s). The sample of material tested

may be a purified homogeneous protein prepara-

tion, or cruder extracts or secretions, or may even

include whole living cells. Only for the purified

material, of course, can single enzymatic steps

be inferred reliably. By contrast, biological sj''S-

tems more generallj^ can show measurable re-

sponses not tied to specific chemical reactants or

products, metabolic rate for example, or cell divi-

sion.
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Most radiation study of enzymes has been di-

rected toward the total catalytic process measured

by a given assay procedure. An enzyme prepara-

tion is irradiated with a measured dose of ionizing

radiation and the activity remaining is then as-

sayed and expressed as per cent of that for un-

irradiated control material. Sensitivity of the en-

zyme to the radiation under the circumstances of

the irradiation process can be expressed from the

functional relation between activity and dose, often

called a "dose-response curve." Independence of

enzyme molecules from each other, molecular

homogeneity in functional properties, and inde-

pendence of inactivating events from previous

events for any given molecule are typical for en-

zymes and lead to first-order kinetics, a simple ex-

ponential decline of activity with increasing dose.

Where this is true the sensitivity is conveniently

expressed in terms of the dose, called "37 per cent

survival dose" or "D37 ," corresponding to ratio

e~^ in activity remaining. More explicitly, the rela-

tive catalytic activity remaining, AlAo , may be

expressed by loge A/A„ = —sD, where D is radia-

tion dose, and s = l/Ds- is a useful parameter ox-

pressing sensitivity.

In contrast to the extensive work with radiation

effect on catalysts there has been relatively Httle

on chemical changes of protein structure or on cor-

relations of these changes with loss of catalytic

activity. The most obvious reason for this lack is

the relative infancy of structural work on mole-

cules as complicated as enzymes. There is as yet

no enzyme for which a satisfactory'' structure lias

been synthesized from nonliving material, nor

even one in which existing knowledge of structure

leads to more than tentative suggestions about

chemical details of catalytic function. Under the

present circumstances radiation work along these

hues is necessarily highly speculative and almost

completely inferential.

Comparative work on an enzyme intracellularly,

or in various states of extraction or purification,

or in various chemical environments, has interested

many radiation scientists. Radiations of different

nature have also been employed, most notabb^ in

comparison of ionizing radiation effects with those

of predominantly excitational radiations in the

ultraviolet region.

Radiation Effects on Enzymes in Solution.

Carboxypeptidase irradiated in water solution^ at

concentrations from over 10 per cent by weight to

less than 0.001 per cent shows three concentrational

ranges of interest. (1) At highest concentration the

primary absorption of radiation directly in mole-

cules of carboxypeptidase protein contributes sig-

nificantly to inactivation. This mechanism is

called the "direct effect;" where it predominates,

the per cent inactivation for given dose is inde-

pendent of concentration. (2) At concentrations

from about 3 per cent to about 0.01 per cent the

absolute amount of carboxypeptidase activity lost

is directly related to radiation dose. The primary

absorption here is effectively all in the water,

since so httle protein is present. Short-lived free

radicals produced in the water react essentially

quantitatively with the enzyme protein. Sensi-

tivity increases with declining protein concentra-

tion, and is high enough to mask the much less

sensitive direct effect. The mechanism is included

in the "indirect effect," distinguished in its char-

acteristic form by constant ratio of molecules in-

activated to radiation dose sustained by the solu-

tion, i.e., a constant G value for inactivation (G =
molecules changed per 100 electron volts of energy

absorbed). (3) The indirect effect for carboxy-

peptidase also includes a concentration range from

0.01 per cent down to less than 0.001 per cent,

in w^hich protein concentration is insufficient to

intercept all free radicals produced in the water.

Since other radical decomposition reactions be-

come limiting and set a concentration of free radi-

cals to which the enzyme protein is exposed, the

per cent inactivation at low concentration tends

to depend only on dose and not on concentration.

Many enzymes would not be detectable at con-

centrations sufficiently low to show this third

range of sensitivity dependence. For some which

are, radiation effect may be observable with onh'

a few hundred roentgens. Such high sensitivity has

little or no biological relevance, because of the un-

biological character of the very great dilution in-

vohed.
Indirect Effect and Added Solutes. Irradiation

of enzyme solutions nearly always involves mix-

tures of solutes. Dissolved oxygen does not usu-

ally affect enzyme radiosensitivity although it does

rather generally increase biological effects of radia-

tion, and there is an oxygen effect with dry en-

zyme. For some enzymes oxygen can be protective.

The OH- free radicals are considered to be the

damaging agent for indirect effect on enzymes. In

pure water the OH- concentration would increase

with O2 present since reaction of O2 with H' to

form H02- will decrease the ehmination of OH'
by reaction with H- free radicals. For most en-

zymes there is evidently negligible sensitivity to-

ward H- or HOs', and in the usual concentration

ranges OH' reacts quantitatively with enzyme and

other organic solutes.

The presence of organic solutes protects en-

zymes through competition for free radicals. In

one sense the enzyme protects itself as concentra-

tion is increased. An inactive form of the same

protein would also protect, and organic material

in general is protective. Solutes having sulfhydryl

groups are often more effective in protecting an

enzyme, especially where the enzyme G value for

free radical removal is low or where the enzyme

has vulnerable sulfhydryl groups which an ex-

traneous sulfhydryl reagent might restore.

Direct Effect and Radiation Target Theory.

The direct effect of ionizing radiation on enzyme

activity is best estabhshed by drying the enzyme

thoroughly, provided of course that it withstands

such treatment. Removal of water and all other

diffusable material, preferably by exposure to high

vacuum, eliminates kinetic transport of energy and

tends to isolate the enzyme molecules with re-

spect to energy transport to or from surrounding

material. The chance of damaging a molecule by

a given dose of radiation is then inversely related

to the molecular mass, or more precisely to the

molecular electron content, which for biomolecules

is closelv related to mass. Much work^ has been
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done with enzyme inactivation under these circum-

stances, with the general result that one primary

ionization event in a target mass corresponding

to the enzyme molecular mass is typically suffi-

cient to inactivate a molecule. A primary ioniza-

tion event includes one ion pair originally created

by the primary charged particle flux and any re-

sultant secondary ion pairs in the near vicinity.

These primary clusters include about three ion

pairs on the average and tend to be spatially small

with respect to protein molecular dimensions.

Each rad unit of dose results in about 6 X 10"

primary ionization events per gram. When enough

rad units are given so that the chance of survival

of activity for any given enzyme molecule is e-\ or

37 per cent, the reciprocal of the number of pri-

mary ionizations per gram is called the ''target

mass." As a rule of thumb, for radiations of not too

high intratrack ion density, the product of target

mass in grams per mole and radiation dose in

rads is about 7 X 10". A D37 of 10 milhon rads, for

example, indicates a target molecular weight of

70,000 g/mole. Dry enzymes require quite large

doses for inactivation.

There are many additional elaborations of target

theory, involving corrections for delta rays (long

secondary tracks), possibihties of nonindependence

of separate primary ionization events occurring

very close together (or rather close together at es-

sentially the same time), and implications of tar-

get shape. The correlation of inferred target masses

with enzyme molecular weights is the most in-

triguing result, suggesting as it does that energy

is transported within the enzyme protein structure

and that damage at the active sites is more likely

than elsewhere in the protein structure.

As a method for estimating molecular weight the

direct effect of radiation is crude at best. It has

been much criticized and in spite of these ad-

vantages: (1) not critically dependent on protein

purity and (2) requirement of relatively small

amounts of enzyme. The principal difficulty is that

the postulated isolation of each molecule from its

surroundings cannot be reliably achieved. Even

if the enzyme protein is pure and 100 per cent

active an ionization event may inactivate not only

the molecule in which it occurs, but neighboring

molecules by energy transport. Pure trypsin, for

example, has shown a target mass double its mo-
lecular mass. The presumed intermolecular energy

transport processses are temperature dependent,

especially striking in compound enzymes. Catalase

over a range of temperatures shows V4, V2, or full

molecular weight as target mass, and can go even

higher at temperatures close to heat inactivation.

It consists of four protein subunits. Impurities

included in dry enzyme preparations can both

decrease and enhance apparent target sizes: for

example, sensitization by ammonium sulfate and

protection by glutathione. The direct effect is of

more interest where the two forms or treatments of

an enzyme are compared under closely identical

preparative circumstances than for unrelated mo-

lecular weight determinations.

Eflfects of Enzymes in Cells and in Interme-

diate States of Purification. Some enzymes have

been studied comparatively in whole cells and in

various states of purification. The differences over-

shadow the similarities although examples of both

abound. A most illuminating study' involved in-

vertase, alcohol dehydrogenase, and a coenzyme

(CoA) in yeast. In this study the differences, wet

vs. dry, and intracellular vs. extracted, were in-

terpreted to show that cell water is distributed so

that only thin layers, perhaps 30A thick, contribute

indirect effects to the molecular surfaces. In spite

of the water contained, in yeast cells the direct ef-

fect is prominent for these components.

In other studies the differences appear to in-

volve more than water distribution. Acetylcholin-

esterase of the electric organ of the eel, for ex-

ample, shows wide changes in sensitivity to radia-

tion in situ, or as an extracted gel, or in purified

form. The purified molecular weight is very much

larger than the mass per active site. The direct

effect target mass approximates the latter. The

enzyme probably occurs in very extensive aggre-

gates in the electric organ, and the effects of ex-

traction are correspondingly extreme.

Some enzymes in cells show much increase dur-

ing irradiation. Catalase activity in yeast can

increase as much as sevenfold, apparently an un-

masking or activation of pre-existing enzyme pro-

tein. It is also possible for radiation to disorder

cell structure so that enzymes and substrates which

are ordinarily apart come in contact. While such

effect is in a sense an enzyme "increase" by radia-

tion, it is much more important as a reasonable

suggestion for primary radiobiological lesion. Such

an effect could well be the molecular basis of ini-

tial cell damage by radiation, presuming that the

undesirable enzyme-substrate mixing leads to

eventual gross alterations in cell physiology.

Effects Related to Protein Structure. In syn-

thetic polymers ionizing radiation can cause main

chain breaks and cross-hnking between chains.

Such effects cannot be extended uncritically to

proteins, which are much more highly organized

structures than are random coil polymers. An
important probable effect of ionizing radiation

could be disulfide bond breakage, altering tertiary

protein structure. Electron spin resonance studies

on dry irradiated enzymes, other proteins, and

amino acid crystals have shown two major classes

of resulting unpaired electrons, stable at appropri-

ate temperatures and in the absence of oxygen. For

one of these classes the unpaired electron is on a

sulfur atom. It is clear that proteins of significant

cystine content do accumulate broken disulfide

bonds, with unpaired electrons stabilizing at sulfur

atoms after some kind of transport process. These

observations are very probably relevant to enzyme

functional damage.
Ultraviolet light has been shown to increase

sulfhvdrvl groups in trypsin, presumably by di-

sulfide bond breakage, and to show heightened

quantum efficiency at wavelengths emphasizing

absorption in cystine. Perhaps the implied excita-

tional transfer processes are operative also where

the primary energy input is by ionization.

Chemical effects can be inferred for enzyme pro-

tein after doses critical for catalytic function. The
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ultraviolet absorption spectrum is altered. There is,

typically, a general increase in optical density at

all wavelengths below about 320 millimicrons, and

a specific decrease at the combined aromatic peak

around 275 millimicrons. With crystalline pepsin

(at a high pH for which activity is irreversibly

lost) electrophoretic homogeneity on paper is

strikingly lost on irradiation with doses pertinent

for catalytic assay changes. Both these results sug-

gest chemical changes in enzyme structure, proba-

bly conformational but possibly with effects on

side groups as well.

Enzymes are highly specialized structures, typi-

cally very specific in reactions catalyzed. Enzymes
showing unrelated ranges of specificity are rare.

Different esteratic activities of some proteases are

an example. So is cow's milk xanthine oxidase,

which shows oxidase activity toward some purines,

all aldehydes, and reduced diphosphopyridine nu-

cleotide. Both for direct and indirect effects the

various activities of a given enzyme appear to re-

sponse alike to radiation. An apparent difference in

sensitivity between protease and esterase activities

in trypsin, for example, was later shown to involve

a reaction of urea upon partially damaged mole-

cules in one of the assays.

Enzyme and protein structural chemistry is in

rapid development, with such recent achievements

as the complete amino acid seciuence of bovine

pancreatic ribonuclease, the detailed molecular

structure of whale myoglobin, and detailed con-

formational knowledge of horse hemoglobin. Par-

allel radiation studies of chemical effects on such

proteins and enzymes can be expected to provide

much further insight into the nature of initial

radiation effects in biological material.
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ENZYMES: RADIOSENSITIVITY IN RELATION TO PROTEIN

STRUCTURES

Radiobiology seeks to elucidate the sequence

of events from the absorption of energy to muta-
tion, injury, or death of a living system and in-

volves nearly all aspects of physics, chemistry, and
biology. Bacq and Alexander^ have summarized
the development of radiation injury in the scheme
presented in Fig. 1. Two important factors should

be noted: (a) the absorption of radiation energy

in a cell produces changes at the molecular level,

and (b) biochemical lesions (Peters') produced

by irradiation become apparent only through the

mediation of metabolic activity. Because biochemi-

cal reactions are controlled by enzymes, a great

deal of attention has been paid to the effects of

ionizing radiation on enzymic activity.

Enzymic activity is dependent upon an integrity

of structure maintained by secondary and tertiary

forces (cross linkages, hydrogen bonds, coulombic

forces) superimposed on the primary covalent link-

age of amino acids. Only limited disorder is per-

missible before activity is lost. When energy is ab-

sorbed, inactivation results if sufficient structural

damage occurs. Both the thermolability of en-

zymes and inactivation by ionizing radiation are

due to energy dissipation in the molecule. There

are, however, differences in these modes of de-

naturation : one ml of an enzyme solution may re-

quire an increase of temperature of the order of

40° C above ambient (e.g., 25° to 65°C) and the

maintenance of this temperature for several min-

utes to produce appreciable effects; the absorp-

tion of 10,000 rads by the same solution may pro-

duce similar inactivation in a short time, although

the amount of energy could raise the temperature

of 1 ml of water only 0.024°C. In thermal de-

naturation the kinetic energies of a sufficient num-
ber of molecules must be increased until many of

the weak, secondary intramolecular bonds are

broken. With ionizing radiation, the mechanism

of denaturation is a sudden appearance of electric

charge, either in the macromolecule itself where

there may be a shock wave of polarization (Platz-

mann and Frank^), or in the aqueous medium with

associated excitation, ionization, or radical forma-

tion. Some aspects of the effects of X-rays on en-

zymes are reviewed as follows.

Target Theory. When an ionization is produced

by radiation, disruption results in its vicinity;

this, in the case of biological materials, usually

leads to loss of function. If there are a number of

identical units randomly distributed in a system

and their function can be measured, when the

ssytem is subjected to radiation there will be a

statistical occurrence of ionizing events leading to

inactivation. If D is the dose in terms of inac-

tivating events for a unit volume and V is the

sensitive volume of target, the average number of

inactivating events is DV : these occur with a

Poisson distribution. If the average number of

random events in any one target is a, the fraction

in which n events occur is e'^a^'/nl. The number
of targets which receive no hits is e~^^ for a =VD
and n = 0, and the survival in such a system is

exponential. The inactivation depends on the dose

and the number of molecules inactivated is inde-

pendent of dose rate. Studies of the inactivation

of enzymes in the dry state can also be used to

derive molecular weight estimates. When the av-

erage number of inactivating events per target is

1, then VD = 1 and the proportion of molecules

which have received no hits is e"\ or 37 per cent.

The number of ionizing events produced by D
rads in a volume of 1 cc can be represented ac-

cording to Hutchinson and Pollard* by
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Fig. 1. Diagram of the stepwise development of radiation injury. (From Bacq and
Alexander^)

D (rads) X
100 ergs ev

gm-rad 1.60 X lO'^^ erg
X
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75 ev

X — = 0.83 X 1012 £) (rads) ion clusters/cml
cm^

But DziY — 1 and if the target mass is expressed as

its effective molecular weight, i.e., MW .
= y X

6.02 X 10-^ then Dst (rads) X MW. = 0.72 X 10^-.

Estimates of the molecular weight of a number of

enzymes and other biological molecules have been

made by Pollard and his associates following ear-

lier development of the theory b}^ Lea.^' ^ The re-

sults are frequently in good agreement with physi-

cochemical determinations and the approach,

despite its limitations, has been extended to cover

cases where multiple hits are required to produce

inactivation. It has been possible to estimate both

size and shape of macromolecules by employing

radiations of varying L.E.T.

Direct and Indirect Action of Radiation on
Enzymes. The general success of the target theory

proves to be an oversimplification. It is based
upon statistical assumptions which, when extended
to studies of solutions of enzymes, can lead in

many cases to target sizes and molecular weights

which are obviously erroneous. Work by Dale and
his colleagues'^' ^ added greatl.v to the knowledge
of enzyme inactivation b.y X-rays. Inactivation

doses in solution are not constant but depend on

the enzyme concentration and can be altered by
the addition of other substances (inert protein, or-

ganic compounds or salts) to the solution. Under
these conditions, the simple target theory cannot

be justified. It is unnecessary for the energy to be

dissipated in the molecule itself for enzyme inac-

tivation; ionization in aqueous medium can also

effect inactivation. Thus in solution* there are

* For the purposes of this review, discussion is

hmited to reactions in aqueous systems.
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two effects: (a) direct action, which is an ionizing

event taking place in the macromolecule itself and

(b) indirect action, which occurs by the reaction

of enzyme with radicals produced in the solution

by the radiation. It is frequently possible to dis-

tinguish between these two reaction mechanisms.

The equations of target theory apply in the case

of direct action where the effect of radiation is

such that the same proportion of molecules of a

single species will be changed whatever their con-

centration, i.e., the percentage inactivation is con-

stant and the number of molecules inactivated by

a given dose increases in direct proportion to the

concentration. In indirect action, a definite num-
ber of free radicals produced per unit volume of

solution are available for reaction with the en-

zyme and a fixed number of molecules can be in-

activated; the effect is proportional to dilution

and a dilute solution appears more radiosensitive

than a concentrated solution (Figs. 2A and 2B).

At very high dilution the inactivation dose for in-

direct action may rise due to recombination of

radicals but this is not a limiting factor m most

enzyme experiments. The relative contributions of

CONC. ACTIVE MATERIAL IN

SOLUTION

liJ

a. B Xo
UJ /
*Z /4

/DIRECT
t- OT /
o o /<Q /
z /
«s /' / INDIRECT
UJ> ' /
_J — 1 /
3 O /o /u /
o /2 /
o' /
z /

CONC. ACTIVE MATERIAL IN

SOLUTION

Fig. 2. The relationship between concentration

and enzyme inactivation by direct and indirect

action. A, as percentage inactivation of solution;

B, as number of macromolecules inactivated.

(From Bacq and Alexander^).

O

u I I
10 15 20

g ENZYME /lOOg SOLUTION

Fig. 3. Relative contributions of indirect and

direct action to total effect of X-rays on carboxy-

peptidase in solution. (From Dale*).

direct and indirect action in the X-ray inactivation

of carboxypeptidase is shown in Fig. 3.

Diffusion of radicals is involved in indu'ect ac-

tion; consequently, factors influencing the proba-

bility of collision between molecules and radicals

will affect inactivation. Freezing the solution re-

stricts mobility; a sharp break in the observed

degree of inactivation at the transition from liquid

to solid phase is noted. This discontinuity is char-

acteristic of indirect action and not the tempera-

ture effect per se ; both types of radiation action

show a change with temperature.

The addition of other substances to an enzyme

system may modify the effects of X-irradiation.

Generally there is little influence on direct action,

as would be expected on the basis of the target

theory: indeed, if the addition of other materials

can alter the apparent target size, it would seem

to be contradictory to the theory. However, if

complexes are formed by strong interaction be-

tween components of the system, they may behave

as single molecular species. For example, the tryp-

sin-soy bean inhibitor complex appears to act as

a single target. The influence of added materials

on indirect radiation effects are more complex

and there can be either sensitization or protection.

Sensitization may be marked in the presence of

oxygen and is due to an increased production of

radicals from the oxygen in solution: this is of

great significance in many biological systems but

has not apeared to be of great importance in the

inactivation of enzymes.® There do, however, ap-

pear to be some influences on direct action medi-

ated by the presence of oxygen and there are sev-

eral investigations of these effects.^' ^° Protection

effects involve two major factors: (a) the possi-

bility of blocking agents protecting sensitive parts

of the molecule from attack by radicals—Dale"

noted that inactivation of an enzyme could be

considerably reduced in the presence of the sub-

strate for the enzyme; (b) other substances may
react with radicals producing an effective reduc-

tion in the concentration available for reaction

with the enzyme. Proteins do not show a great
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range of specificity of reaction with radicals pro-

duced by ionizing radiation and the presence of

inert protein modifies indirect effects on enzymes

to a large extent. Many compounds of low mo-

lecular weight have some influence on radiation

sensitivity but the most effective protective agents

for enzymes are thiol compounds which are readily

attacked by oxidizing radicals.^-

The Radiosensitivity of Enzymes in Relation

to Protein Structure. Studies of the radiation

sensitivity of a number of enzymes led Barron''^ to

suggest: (a) there was a major difference in re-

sponse between enzymes which required —SH
groups for activity and those that did not, (b)

enzymes could be protected against radiation dam-

age by the presence of thiols, and (c) partial re-

activation by treatment of inactivated solutions

with glutathione or cysteine was possible. Barron

postulated that the inactivation of essential thiol

groups might be the basic process in damaging

effects of X-irradiation on living systems. Much
of this work has been criticized and the sulfhydryl

hypothesis is no longer upheld as later work has

failed to provide a clear-cut distinction between

sensitivity of thiol and nonthiol enzymes in vivo

and in vitro (Table 1), nor do there appear to be

significant in vivo changes in —SH enzymes after

lethal doses of radiation.^*

In the dry state, an enzyme is generally inac-

tivated by a single ionizing event occurring any-

where in the molecule. These effects of irradiation

may result in the oxidation of —SH groups, the

fission of dithiol links in the protein and aggrega-

tion.^^ Studies of the structure of enzymes indicate

that a large proportion of the molecule may be

redundant to enzymic activity, yet frequently en-

ergy dissipation in these regions appears to lead to

inactivation. Energy liberated by ionization in

proteins may be transferred within the macromole-

cule^'''
'" and a rigorous distinction between direct

and indirect action may be impossible to main-

tain .^^' ^^ In a number of cases, target sizes calcu-

lated from radiation studies are much lower than

would be anticipated from physicochemical meas-

urements. Possibly in these instances, energy is not

being dissipated to produce enzymic destruction.

As a result of this work, the question arose con-

cerning the possibility of identifying damage to

a biological structure which involved partial loss

of function.

Damage to proteins was first observed by Apple-

yard,^° who found that the radiation cross section

of hemoglobin depended on the properties of the

suspending medium, particularly the pH. Using

serological methods, Hutchinson"^ and Fricke"'
'^

demonstrated partial damage to albumin mole-

cules.

In enzyme studies, irradiated samples of cata-

lase, which still showed enzymic activity, were

found to be more sensitive than the controls to

heat denaturation.^* Although there is strong evi-

dence that esterase and protease functions are

mediated through a single site, Aronson et al:^

found X-irradiation caused a different effect on

these activities of chymotrypsin. From similar ob-

Table 1. Ionic Yields of Enzymes Inactivated

BY X-Irradiation.

Enzyme Ionic Yield*

Yeast alcohol dehydrogenase 1.1« .02''

Phosphoglyceraldehyde 0.93« .023''

dehvdrogenase
Carboxypeptidase 0.18«

f/-Amino acid oxidase 0.1«

Hexokinase 0.07°

Ribonuclease .OS''

Trypsin .025-

Lysozyme .01°

Catalase .003«

* Number of molecules of enzyme inactivated per ionization,
° Barron, E. S. G., in "Biochemical Aspects of Basic Mech-

anisms in Radiobiology," ed. H. M. Patt, N.A.S.-N.R.C. Pub.

No. 367, p. 32, Washington, D.C., 1954.

'' Lange, R., Phil, A., and Eldjam, L., Int. J. Radiobiol. 1,

173 (1959)

servations on trypsin, Augenstine"*' concluded that

after irradiation (a) at least three types of trypsin

molecules were present—active, damaged and in-

active, (b) damaged molecules had more intact

hydrogen bonds than did the inactive molecules,

and (c) damaged molecules could be reactivated

by exposure to substrate or inactivated by thermal

treatment. These findings together with other re-

ports of the production by X-irradiation of trypsin

molecules possessing different sensitivities to heat

and urea denaturation"^' '" were incorporated into

a theory of enzymic inactivation which involved

the sequential rupture of disulfide and hydrogen

bonds.-''' ^° In studies of relative rates of enzyme

action. Mounter''^ pointed out that (a) in a given

amount of enzyme, a distinction must be made
between the measured activity, as related to turn-

over number of substrate molecules, and the total

number of catalytically active molecules, and (b)

these criteria can be used to distinguish damaged

from inactivated molecules. The production of

kinetic and physicochemical changes in enzyme
molecules without complete inactivation has now
been established.^''

^^

Although the physical changes associated with

the loss or alteration of biological function have

not been identified, a general theory of radiation-

induced inactivation is emerging. Platzman and

Frank,^ who suggested that inactivation is due to

disorder created in the secondary structure of

macromolecules, have contrasted the great sensi-

tivity to ionizing radiations with the low sensi-

tivity to ultraviolet radiation and estimated that

a simultaneous cleavage of approximately ten

secondary bonds follows charge localization. This

constitutes a violent perturbation of structure but

probably does not suffice to denature most pro-

teins irreversibly at ordinary temperatures. There

are a critical number of localized bonds which

must be cleaved to produce inactivation; the cu-

mulative effects of radiation, heat and environ-

ment can produce a variation in response for dif-

ferent proteins. From this type of theory, one is

able to explain the observed phenomenon of en-
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zyme inactivation, including the cases of partial

damage to enzyme molecules.'^'
^°

Conclusions. There is a continuous addition to

the knowledge of the effects of X-irradiation on

enzymes. Measurements of inactivation and ionic

yields for numerous enzymes have been made at

various degrees of purity, in diverse environments

and using irradiation sources of widely different

characteristics. The variation in these factors alone

makes much of the available information difficult

to correlate. It is possible to cause damage to an

enzyme molecule without complete destruction;

this in turn may modify kinetic behavior and

measured activities when fixed conditions are used

for assay. Data obtained m vivo and in vitro are

also difficult to compare; probably the most com-

plete summaries of available information on the

effects of uTadiation on enzymes have been com-

piled by Errera^' and by Augustine'' in reviews.

The use of X-rays provides valuable information

for the enzymologist but it is difficult to forecast

the future status of enzyme studies for radio-

biology in general. Enzymes in vivo appear to be

highly resistant to irradiation whereas dilute aque-

ous solutions of purified enzymes are radiosensi-

tive. Processes of repair are carried out in the cell

and interpretation is diflficult where observable

changes do occur. These problems have been dis-

cussed by Ord and Stocken.^'- ^^ It is hard to pro-

duce a theory of biochemical mechanisms of celhi-

lar radiation damage which depends on destruction

of vital enzymes in terms of target theory. Al-

though nuclei are generally much more sensitive

than cytoplasm in regard to the effects of X-ir-

radiation, there appears to be a metabolic rela-

tionship between these parts of the cell.^"'
^'' ""^ Ac-

cordingly, when a full range of experimental

observations are considered, it is almost as diffi-

cult to postulate localized effects on cell nuclei

involving a mechanical type of chromosome break-

age; isolated nuclear material is not this radio-

sensitive. Bacq and Alexander^ suggest that cellu-

lar damage is due to the release of enzymes as a

result of disorder created by ionizations within

subcellular components. Peters'"' " has pointed out

that the enzyme content of cells is maintained in a

state of organization; some enzymes are held to-

gether by hydrogen bonds or associated with lipid

containing structures. In a system of coupled re-

actions, there can be large ampHfication of radia-

tion effects on one or more parts of the system'-

and an undetectable change in a single enzyme

might lead to a large change in the final products

of a reaction pathway.'^ Ionization can effect chain

reactions in the oxidation of lipids. Oxygen ef-

fects, hpid structure, changes in oxidative phos-

phorylation and the metabolism of nucleic acids

are involved in biochemical radiation lesions. It is

probable that the elucidation of the process of

cellular radiation damage will be based upon en-

zymic changes; these will be manifest in distribu-

tion, organization, and metabolic efficiency rather

than in specific destruction of individual protein

molecules.

References

1. Bacq. Z. M., and Alexander, P., "Fundamentals

of Radiobiology," 2nd ed., New York, Per-

gamon Press, Inc.. 1961.

2 Peters, Sir R. A., Ann. Rev. Biochem. 26, 1

(1957)

3. Platzman, R., and Franck, J., m "Symposium
on Information Theory in Biology," eds.,

Y^ockev, Platzman, and Quastler, p. 262, New
Y'ork, Pergamon Press, Inc., 1958.

4. Hutchinson, F., and Pollard, E., m "Mecha-
nisms in Radiobiology." eds. Errera and

Forssberg, Vol. 1, p. 71, New Y'ork, Academic

Press, Inc., 1961.

5 Lea, D. E., "Actions of Radiations on Living

Cells," London, Cambridge University Press,

1946.

6 Lea, D. E., Smith, K. M., Holmes. B., and

Markham. R.. Parasitology 36, 110 (1944)

7 Dale W. M.. Grav, L. H., and Meredith, A\ .

J., Phil. Trans. 242A, 33 (1949)

8. Dale. W. M., Ciba Foundation Symposium.
"Ionizing Radiations and Cell Metabolism,"

p. 25, Boston. Little. Brown and Co., 1956.

9. Alexander, P., Radiation Research 6, 653

(1957)
10. Hutchinson, F.. ibid. 14, 721 (1961)

11 Dale. W. M.. Biochem. J. 34, 1367 (1940)

12 Maisin, J. R., and Doherty, D. G., Fed. Proc.

19,564 (1960)

13. Barron. E. S. G., Ann. N. Y. Acad. Sci. 59, 574

(1955)

14. Kiinkcl, H. A., Hohne, G., Maass, H.. and

Schubert, G., in "Progress in Radiobiology,"

eds., Mitchell, Holmes and Smith, p. 52,

Edinburgh. Oliver and Boyd. 1956.

15. Augustine, L. G., Carter, J. G., Nelson, D. R.,

and Y^ockev, H. F., Radiation Research

Suppl. 2, 19(1960)
16. Strver. L.. ibid. 2, 432 (1960)

17. Pollard. E. C, Guild, W. L., Hutchinson. F.,

and Setlow, R. B., Progr. in Biophys. and

Biophys.Chem. 5,72 (1955)

18 Alexander, P., and Charlesby, A., Nature 173,

578(1954)
19. Burton, M., in "Comparative Effects of Radia-

tion," eds. Burton, Kirby-Smith and Magee,

p. 239. New Y'ork, John Wiley & Sons, Inc.,

1960.

20 Applevard, R. K., Arch. Biochem. Biophys. 35,

121 (1952)

21. Hutchinson. F., ibid. 41, 317 (1952)

22. Fricke, H., J. Phys. Chem. 56, 789 (1952)

23 Fricke, H., Leone, C. A., and Landmann, W.,

Nature 180,1423 (1957)

24. Setlow, R. B., Arch. Biochem. Biophys. 34,

396(1951)
25. Aronson, D., Mee, L. K., and Smith, C, m

"Progress in Radiobiology," eds. Mitchell,

Holmes and Smith, p. 61, Edinburgh, Oliver

and Bovd, 1956.

26. Augenstine, L., Science 129, 718 (1959)

27. McDonald, M., Brit. J. Radiobiol. 27, 62

(1954)

28. Monier, R., Biochim. Biophys. Acta 29, 343

(1958)

29. Augenstine, L. G., "Symposium on Information

Theory in Biology," ed. H. Y^ockey, p. 287,

New York, Pergamon Press, Inc., 1956.

30 Augenstine, L. G., and Ghiron, C. A., Proc.

Nat. Acad. Sci. 47, 530 (1961)



345 EQUIPMENT, GERMAN

31. Mounter, L. A., Radiation Research 12, 487

(1960)
32. Mee, L. K., ibid. 9, 151 (1958)

33. Adelstein, S. F., and Mee, L. K., Biochem. J.

80,406 (1961)

34. Errera, M., in "Protoplasmatologia ; Hand-
buch der Protoplasmaforschung," eds. Heil-

brimn and Weber, Vol. 10, No. 3, p. 1,

Vienna, Springer. Verlag, 1957.

35. Ord, M. G., and Stocken, L. A., in ''Mecha-

nisms in Radiobioogy," eds., Errera and
Forssberg, Vol. 1, p. 259, New York, Aca-

demic Press, Inc., 1961.

36. Stocken, L. A., Radiation Research Suppl. 1,

53 (1959)

37. Tahmixian, T. N., in "Mechanisms in Radio-

biology," eds. Errera and Forssberg, Vol. 1,

pp. 333-351, New York, Academic Press, Inc.,

1961.

38. Alper, A., in "Mechanisms in Radiobiology,"

eds. Errera and Forssberg, Vol. 1, pp. 353-

412, New York, Academic Press, Inc., 1961.

39. Kimball, R. F., Aim. Rev. Microbiol. 11, 199

(1957)

40. Peters, Sir R. A., Nature 177, 426 (1956)

41. Peters, Biochem. J. 71, 1 (1959)

42. Okada, S., and Fletcher, G., Radiation Re-
search 11, 177 (1959)

43. Dale, W. M., Radiation Research Snppl. 2,

578 (1960)

44. Augustine, L. G., "Advances in Enzymology,"
Vol. 24, p. 359 (1962)

L. A. Mounter

EQUIPMENT, FOR X-RAY DIFFRACTION AND SPECTROS-

COPY, SIEMENS AND HALSKE

X-ray diffraction and X-ray spectroscopy (fluo-

rescence, emission) equipment may be used to

study the structure and composition of matter, re-

spectively. Research workers and students at in-

stitutions of higher learning, as well as scientists

in industrial research, control, and development

laboratories use such equipment to measure dis-

tances in the vicinity of one angstrom unit

(0.00000001 cm), and concentrations ranging from

one part in a milHon, or less, to several per cent.

The Siemens Company in Europe is one of the

companies in the world manufacturing such com-
plex technical equipment. Siemens and Halske is

a division of Siemens.

Siemens and Halske X-ray diffraction and spec-

troscopy equipment is manufactured in Karlsruhe,

Germany, and distributed in the United States

through Siemens by its offices in the Empire State

Building in New York City. Prior to 1962 (August

1958 to January 1962), the marketing and sale of

Fig. l.CrvstalloflexIV



EQUIPMENT, GERMAN 346

Fig. 2. Crvstalloflex II.

this equipment was carried out by RCA Scientific

Instruments in Camden, New Jersey.

The Crystalloflex IV is a filtered and regulated

constant potential d.c. generator which may be

supplied with a 3 or 5 kva magnetic line stabilizer.

The Crystalloflex II is a portable self-rectified

unit for film work—it has no stabilization.

Complementing the Crystalloflex II (portable

X-ray generator) and Crystalloflex IV (console

model) is a variety of cameras and accessories for

diffractometery, spectroscopy, study of pole fig-

ures, stress analysis, crystal studies, microradiogra-

phy, and microfluorescence anah^sis.

A versatile horizontal diffractometer serves as

the platform upon which can be placed the ac-

cessories for vacuum spectroscopy, air spectros-

copy, study of microareas, transmission sample

spinner, and others.
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Fig. 4. Pole Figure Goniometer

Fig. 5. Flat camera.
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Texture analysis can be made with the Pole

Figure Goniometer. This instrument uses ele-

tronic detectors (not film) and is a complete unit

in itself. Qualitative and quantitative measure-

ments of orientation can be made with this in-

strument.

Representative of the film cameras is the fiat

camera which can be used to study the crystal-

linity, texture, stress, and other physical proper-

ties of samples of wires, sheets, and powders, etc.

The descriptions and photographs represent a

major part, however not the entire range, of equip-

ment available from Siemens.
Victor E. Buhrke

EQUIPMENT, PICKER, ESPECIALLY BIPLANE DIFFRACTOM-

ETER

During the forties and early fifties, some X-ray

diffraction cameras and a full wave rectified gen-

erator were manufactured and marketed by the

Picker X-Raj^ Corporation whose major efforts

were in medical X-ray equipment. Upon its entry

into the fields of isotopes and nuclear instrumenta-

tion, it established a service organization capable

of handling electronic equipment, radiation detec-

tion, etc. Thus, in 1958, it was a logical renewal and

extension of its interests and activities to launch a

major program of development of new equipment

for diffraction and spectroscopy.

The art and techniques, the applications and de-

mands regarding diffraction and spectrographic

ecjuipment had undergone considerable refinement

since existing equipment had been designed nearly

l/£^/!iv^ *:«^y ..jfi9^'£j./im'"m,.

Fig. 1. Picker biplane diffractometer shown in

powder diffraction configuration with specimen
cover open.

Fig. 2. Automatic X-Ray analysis system-
( Picker X-ray Corp.) showing the generator con-

trol cabinet with strip chart recorder, the table,

the Picker biplane diffractometer and remote con-

trol box, and the integrated radiation analyser

complete with single angle programmer for auto-

matic operation of diffractometer or spectrometer.

ten years earlier. Thus the seeming late start

provided an excellent opportunity to design equip-

ment suited to the new and presently projected

requirements in these exciting and rapidly devel-

oping fields. Correspondingly, a number of con-

cepts, new to the commercial market, have been
and are being incorporated and made available in

a complete new line of equipment of Picker X-
Ray Corporation manufacture and marketing.

Several such new concepts are exemplified by the

Biplane Diffractometer and its immediate acces-

sories.

1. It can be used with its axis either vertical or

horizontal.

2. The X-ray tube is supported by the dif-

fractometer. This assures permanence of alignment

and simplicity of alignment procedure.

3. The take-off angle can be changed without

disturbing the alignment.

4. A cylindrical labj-rinth and X-ray tube port

shutter mechanism provides a radiation leakproof

connection between the X-ray tube and an inci-

dent beam collimator throughout take-off angle

adjustments from to 10^

5. The main bearing and gear train provide both

the usual 2:1 ratio between the detector and speci-

men and also an independent 360° omega rotation

of the specimen. This is particulars^ useful in

single crystal studies but it also permits rapid sur-

ve3's of preferred orientation, graininess, and de-

tector or source uniformity.

6. A large central tunnel through the main bear-
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ing permits axial access to the specimen position.

7. Auxiliary input-output shafts on the two-

theta and omega drives permit the addition of

slewing motor drives, digitizers for automatic con-

trol, etc.

8. Remote electrical control of the diffractome-

ter is provided in the Integrated Radiation Ana-

lyzer rack. It includes manual, scan, step and os-

cillation modes of operation each appropriately

preprogrammed for coordination of the scaler,

timer, digital printer, and strip chart recorder with

the motions of the diffractometer.

9. The use of ACA-accepted dovetail tracks on

the specimen table and detector arm introduce a

new versatility in emphasizing the complementary

nature of detector and photographic data by mak-

ing both readily available on the same specimen

and under identical collimation conditions.

Other equipment included in this rapidly de-

veloping line of apparatus are these.

1. Neutron diffractometer and electronics. These

soon will be augmented by systems including BFs

filled detectors for diffracted beam and incident

beam operation, and by systems incorporating

fully automated operation of the diffractometer

and electronics to measure data at remotely pre-

scribed angular positions.

2. Constant potential generator and control.

This fully stabilized generator provides ''monitor"

selection" of preset KVCP and MA pairs for exact

reproducibility of eight different chosen operating

conditions. It is used both for X-ray diffraction

and X-ray spectroscopy.

3. The Integrated Radiation Analyzer. This in-

cludes a diffractometer control, ratemeter, scaler,

timer, high-voltage power supply, pulse-height

analyzer, digital printer, strip chart recorder range

manipulator for zero suppression and scale ex-

pansion. Both scintillation and gas-filled detector

can be used.

4. Full wave rectified generator and control.

This is intended primarily for photographic pro-

cedures. It incorporates independent vertical and

rotational adjustment of the X-ray tube and

housing relative to the round table top and 60-hr

timers for control of shutters.

5. A variety of cameras including Debye-

Scherrer and fiat plate types have been specifically

designed for Picker X-ray Corporation and are

now available.

6. Mass Spectrometer designed and built by

Associated Electrical Industries in England.

The X-ray spectrographic equipment now under

development has not been publicly announced as

of this writing but probably will be available by

the time this book is pubhshed. It is obvious both

from the equipment presently available and the

rapid expansion with which the Picker X-Ray Cor-

poration is pushing its engineering, manufacturing,

sales and service facilities for this type of equip-

ment that the extension of this new line of ap-

paratus is well worth following closely.

Thom.\s C. FuRN.'ks. Jr.

EXPOSURE DOSE. See Dosimetry, Radiation, and Units.

EXTINCTION CONTRAST, X-RAY DIFFRACTIONS. See Dis-

location Movement and Alignment.

EXTRAPOLATION FILM METHODS. See Parameters of

Crystal Lattices III.
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Synthesis.

FALTUNGSINTEGRAL.
Optical Analog.

See Fold Integrals; Computers,

FATIGUE IN METALS: X-RAY SCATTERING STUDIES

Origin of the Scattering. Except for a few

special cases, partially fatigued copper and alumi-

num contain many subgrains with linear dimen-

sions of 1 to 2 microns.^' 2- ^ Since this substructure

develops during fatigue at a rate which is propor-

tional to the stress level, the region at the end of a

propagating fatigue crack is especially susceptible

to subgrain formation. The boundaries of these

subgrains are formed by dislocation networks

which initially cluster on the low-index crystallo-

graphic planes (111), (110), and (100). The change
of crystal orientation across the boundaries is of

the order of 1 degree or less. The subgrain struc-

ture is well-defined in aluminum, whereas in

copper the boundaries are less clearly defined and
many dislocations are found within the subgrains.

If the mean stress during fatigue is kept equal

to zero, and if the peak stress is reduced so as to

produce fatigue lives in excess of 10^ cycles, then

complete subgrains are not observed to form. How-
ever, dislocations and dislocation loops still clus-

ter along low-index planes.^

Most, if not all, of the X-ray scattering effects

from fatigued metals are the result of the subgrain

structure. The division of one grain into many sub-

grains will cause an original Bragg reflection to be

replaced by many reflections. These, in turn, form
a spotty arc segment of a Debye-Scherrer ring.

IMoreover, the probability of multiple Bragg re-

flections is enhanced. For those cases in which sub-

grains are not completely formed, the clustered

dislocations will cause plastic bending of the crys-

tal lattice, and one can expect originally sharp

reflections to become smeared into arcs about a

Debye-Scherrer ring. The studies of fatigued

metals described in this article are confined to

those cases in which a definite substructure de-

velops.

Single Bragg Reflections. The effect of sub-

grain formation on single Bragg reflections must
be studied with high resolution methods so that

reflections from individual subgrains can be dis-

tinguished. Microbeam X-ray generators have
proved to be the best source of the required high-

intensitj^ well-defined beams. The experiment is

most easily performed in back-reflection, and uti-

lizes the 422 reflection for aluminum and the 420

reflection for copper. Beam diameters of the order

of 40 microns and film-specimen separations of

about 21^ cm have proven effective.

The interpretation of the X-ray patterns can

be easily explained. If V is the total volume irradi-

ated, if V is the average volume of the subgrains,

and ii P(d) is the probability that a subgrain lies

in the reflecting position, then the number of spots

recorded around the Debye-Scherrer ring is given

by

^- n = {V/v)P{d). (1)

An exact derivation of P{d) can be carried out*

if we assume the original grains in the specimen

to be randoml}^ oriented and the subgrains to clus-

ter about the original orientation with a gaussian

distribution. The resulting expression for v is

V = (V/n) (j/2) cos d sin2 q ^iq^ (2)

where j is the multiplicity of the reflecting planes

and dd is the divergence of the beam. The beam
divergence is usuall}^ defined as the angle sub-

tended by the X-ray source at the specimen sur-

face. Application of Eq. (2) requires that one know
the value of V. This volume is normally expressed

as the product of the area irradiated and the ef-

fective depth of penetration of the X-rays. The
determination of this effective depth is carried out

by a multiple-exposure method, and the reader is

referred to the original literature for a detailed

exposition. 5

In principle, the misorientation between sub-

grains should be derivable from the angular sepa-

ration of spots on the Debye-Scherrer ring. Un-
fortunately, such an interpretation requires an

assumption regarding the mechanism by which

subgrains are formed during fatigue. If the origi-

nal grain is uniformly bent, then adjacent spots

will come from adjacent subgrains and their angu-

lar separation, 7, measured on the film, is related

to the misorientation. e, between the subgrains by

the relation

e ^7 COS d, (3)

where 6 is the Bragg angle. On the other hand, if

the subgrain orientations cluster about a mean
orientation with a gaussian distribution,* it is

only possible to compute e for the case in which

the spotty arc from one grain can be distinguished

from the spotty arc of another. In this case the

mean value of misorientation is

(777) cos 0, (4)

where 7' is the angular spread of the spotty arc

from one grain. If the X-ray beam diameter is

sufficient to cover several grains, the spotty arcs

will merge into a more or less continuous spotty

*If the total misorientation across the grain is

/3, then /3/2 is taken as three standard deviations

of the gaussian distribution.
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ring after about 10 per cent of the fatigue life has

elapsed. In these cases it is impossible to obtain

any information about e.

Double Bragg Reflections. If an incident

X-ray suffers two Bragg reflections from adjacent

subgrains slightly tilted with respect to each

other, the doubly reflected ray is found to make a

small angle, 0, with respect to the incident beam.

The mechanism can best be understood by refer-

ence to Fig. 1. The ray R strikes subgrain A at the

Bragg angle 6 and is reflected as Rx . If subgrain B
is oriented exactly as subgrain A, the ray will be

reflected back into the same direction as the inci-

dent ray. Except for a slight smearing of the trans-

mitted beam, the doubly reflected ray R2 cannot

be distinguished from the direct beam. If sub-

grain B is now tilted through an angle a such that

the normal ub' lies on a cone whose axis is the

once-reflected ray Rx and whose half angle is

7r/2 — 0^ the Bragg condition will still hold and the

twice-reflected ray /??' will make a small angle

with the direction of the main beam. If a is small,

then (j) is given by

4> = 2a sin (5)

Since « is of the order of 1 degree, the doubly re-

flected rays will fall into the region to 2 degrees

with respect to the main X-ray beam. This region

is the so-called small angle scattering region and

the techniques for detecting such scattering have

been well-documented. •^ The intensity of double

Bragg scattering from fatigued metals is not large;

the cross section for scattering is of the order of

300 electrons/atom for Cu.

The angular distribution of double Bragg scat-

tered intensity can be interpreted in terms of the

distribution of subgrain tilt angles. For a random

distribution of subgrains (not always satisfied in

practice), the relation between the doubly scat-

tered flux, F(4>), and the distribution of tilt an-

gles, P{<x), is^

P(a) = K<pF{ct>). (6)

In this equation, K is a constant depending upon

the experimental conditions.

Applications. The techniques which have been

described are uniquely suited to the nondestruc-

tive measurement of the structural changes which

accompany fatigue. Experiments conducted on

aluminum and copper have shown that v cannot

be reliably determined until at least 2 to 5 per

cent of the total fatigue life has elapsed. Electron

microscope studies indicate that subgrains ac-

tually form after only 0.1 per cent of the fatigue

life, but the misorientation between them is in-

sufficient to allow application of the back-reflec-

tion technique. In aluminum the average subgrain

volume decreases monotonieally during fatigue

from an initial value of about 25 cu. microns to a

final value of approximately 8 cu. microns. The
mechanism by which this decrease occurs is not

fully understood. The distribution of tilt angles

increases rapidly toward the larger angles during

the first 10 per cent of cycling, and increases slowly

<t>
= 2a SIN

Fig. 1. Double Bragg reflection from two sub-

grains, A and B. R is the incident X-ray and R'2

the doubly reflected ray which makes
angle, 0. with the incident direction.

?mall

thereafter. The average tilt angle for copper is

about 1 degree when the applied stress is such to

produce fatigue lives of the order of 10^ cycles. The
efi'ect of higher stresses is to shift the distribution

to larger angles.

In summary, one can determine the average

subgrain volume, v, and in some cases the average

angle of tilt, e, from the single Bragg reflections

recorded as spotty diff'raction rings. The doubly

reflected radiation determines the distribution of

tilt angles, Pia), which, with v and e, uniquely

describes the fatigue-hardened state after any

given num})er of cycles. The relationship of the

general subgrain structure to the highly localized

fatigue fracture has yet to be established on a firm

basis.
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FATTY ACID STRUCTURE. See Acids, Straight-Chain Car-

boxylic.

FERROCENES: IDENTIFICATION OF, BY X-RAY DIFFRAC-

TION

Bis (Cyclopentadienyl) iron (II) compounds,

commonlv known as ferrocenes (so named to em-
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phasize the analogy to benzene) have aroused

considerable interest since the discovery of ferro-

cene eleven years ago." In this time many pubhca-

tions have appeared concerning metal-cyclopenta-

dienyl compounds. The appUcations and potential

uses of these compounds depend mainly on their

behavior as reducing agents, antioxidants, and as

excellent organic carriers of iron in high concen-

tration.^ Most recent uses as ultraviolet absorb-

ing agents in satellite coating materials have in-

tensified interest in these compounds. Accordingly,

a method of quahtative and quantitative analysis

is necessary for these compounds. Infrared ab-

sorption analysis in the rock salt region, used for

organic syntheses, has certain limitations in ferro-

cene derivative detection, differentiation, and

quantitative analysis." From the present data, it

appears that X-ray diffraction is not seriously

limited for the analysis of the soHd crystalline

members of the ferrocene family.

Materials and Apparatus. Samples of ferro-

cene derivatives were prepared largely by the

Polymer Branch, Directorate of Materials and

Processes. The compounds were recrystallized

from various solvents. Their synthesis and crys-

tallization with experimental data have been de-

tailed by Rausch, Vogel, and Rosenberg.'^"® A
chemical analysis was run on each sample and its

melting point determined; each sample was very

pure.

Sample preparation for X-ray diffraction analy-

sis consisted of grinding the sample in a boron
carbide mortar and placing it on a ground-glass

slide. This slide method of mounting the sample,

which undoubtedly introduced some preferred

orientation and subsequent inaccuracies in in-

tensities was necessitated by the small amount of

pure sample available and the desirability of re-

cording large d spacings which were below the low
angle cut-off of the 114.6 mm camera. Preferred

orientation effects did not seem to affect repro-

ducibility of the same samples, because samples
could be reprepared over and over without ap-

preciable change in relative intensities. However,
a comparison between flat specimen diffractometer

and Debye-Scherrer camera intensities showed that

intensities from the flat specimen did not originate

Table 1. Comparison of Powder Data
Intensities from Ferrocene.

///i

d, A
Flat specimen ^^^^mer'a"-^

5.85 100 100

5.10 40 70

4.85 10 40

4.69 25 70

4.54 7 30

4.10 3 35

3.88 3 20

3.51 3 20

3.32 5 15

3.06 2 20

from a random powder sample. Table 1 shows this

comparison for the first 10 lines of the parent

compound, ferrocene.

All flat specimen powder patterns were run at

room temperature utilizing a Norelco diffractome-

ter (North American PhiUips Co., Inc.) equipped

with scintillation counter and pulse height ana-

lyzer. Nickel-filtered copper radiation was used,

with the pulse height analyzer used to decrease

background from iron fluorescence. Vanadium-
filtered chromium radiation and a 114.6 mm.
Debye-Scherrer camera were used to obtain the

intensities shown in Table 1.

Discussion. X-ray diffraction appears ideally

suited to the analysis of ferrocene derivatives and

should prove valuable especially where chemical

similarities make detection and quantitative anal-

ysis of these compounds difficult by infrared ab-

sorption techniques. Figure 1 illustrates the prob-

lems encountered in the analysis of ferrocene

derivatives, showing the infrared absorption spectra

in potassium bromide from 2 through 41 microns

of two ferrocene derivatives, 1 , 1'-ditridecanoyl-

ferrocene and l,r-didodecanoylferrocene, differ-

ing only by one (CHa) in the substituted group.

The curves are nearly identical. Other compounds
of this type, varying by more than one (CH2),

show marked similarities, usually differing by one

to three weak bands. When mechanical mixtures

of these compounds were prepared and run in the

2- to 15-micron region, positive differentiation

could not be made. When the same mixtures were

run on X-ray diffraction, each compound was posi-

tively identified, even though each compound in

the mixture was of a nonindividualistic type giv-

ing a series of higher-order reflections.

Although powder patterns of compounds crys-

tallizing in this way are not as individualistic as

may be desired and have a limited number of

lines, they are frequently valuable in understand-

ing the structure of the compounds. For instance,

all of the patterns consisting mainly of a series of

higher order lines maj^ be used in the construction

of a plot of longest d spacing against number of

carbon atoms. This plot is essentially a straight

line for all compounds, either mono- or disubsti-

tuted, where

R

O
II

C(CHo)nCH3

The mono- and disubstituted compounds of the

series in which R = (CH2)nCH3 also he on a

straight line parallel to and on the shorter d value

side of this line. A compound not included be-

cause it is liquid at room temperature, 1 .1'-dioctyl-

ferrocene, melting point — 16°C, was run to prove

this relationship further ; and the longest d spacing

was found to lie in its proper place on the line

corresponding to R = (CHo)nCH3. Therefore, it

should be possible to plot data obtained from any

long-chain substituted ferrocene compound which

gives a series of higher-order reflections, and ten-

tatively determine the number of carbon atoms

in the substitution. This relationship is also valua-
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WAVE LENGTH H MICRONS

4000 3600 3200 3000
1000 800 600 400

Fig. 1. Infrared spectra of 1, I'-didodecanoylferrocene and 1, I'-didodecanoylferrocene.

18 20 22 24 26 28 30

TOTAL NUMBER OF CARBON ATOMS

36

Fig 2. Relationship of long spacings to number of carbon atoms in long-chain ferrocene

derivatives. (Number of carbon atoms shown are those in the substitution, or i?i + K2.)

ble for indicating both the presence of mixtures

and a tendency toward polymorphism in a family

of compounds. Pure compounds of this type give

results that fall on the curve, while mixtures do

not. Isomers may be readily differentiated and

identified because they fall on different curves.

From the patterns recorded, it could not be

stated definitely that these long-chain substituted

compounds do not occur in more than one poly-

morphic form. However, it appears that these

compounds have crystallized in the same form,

because a linear plot results from long spacing

data. From these data it is evident that this series

of substituted ferrocenes behaves like nearly all

long-chain hydrocarbons such as paraffins, fatty

acids, and alcohols. The extra lines (not higher

orders)—namely, 3.7 A and 4.2 A—are those nor-

mally associated with the side spacings of long-

chain hydrocarbons.

Figure 2 shows a plot of long spacing vs. num-

ber of substituted carbon atoms for the disubsti-

tuted ferrocenes where

O

R R, = -C(CH2)nCH3

The Hne is straight within experimental error and

does not give the characteristic zig-zag, odd-even

effect that one records from fatty acids. Long

spacings for two compounds not belonging to this

family are also plotted in this figure to show the

similarity of long spacing values in compounds

having the same number of carbon atoms in the

substitutions.

Although a linear relationship between number

of carbon atoms and longest d spacing is con-

venient for a tentative identification of a com-

pound, it also places some limitation on the

differentiation of mono- and disubstituted com-

pounds containing the same total number of car-
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Table 2. Three Strongest Spacings and
Largest Spacing for Ferrocene Derivatives.

Compound d, A (7//i) d, A (I/h) d, A il/h) d, A il/h)

Ferrocene 5.83 100 5.10 40 4.69 25 5.83 100

1,1'Diacetyl- 7.46 100 6.48 40 3.27 30 7.46 100

ferrocene

Chloromercuri 11.9 100 4.75 20 7.90 15 11.9 100

ferrocene

A^-Phenylfer- 13.0 100 4.87 80 6.42 40 13.0 100

rocene car-

boxamide
Acetyl ferro- 6.61 100 4.93 10 3.72 10 6.61 100

cene
Bis-ierro- 5.16 100 5.31 70 7.25 40 8.04 8

cenylmer-
cury

2-Diphenyl- 5.79 100 4.82 90 8.27 80 8.27 80

ferrocene
1,1' Diben- 9.40 100 4.35 15 6.60 10 9.40 100

zylferro-

cene
1,1' Diben- 5.68 100 4.27 50 12.6 45 12.6 45

zoylferro-

cene
3-Methyl- 6.19 100 5.27 80 5.15 70 9.40 60

benzoylfer-

rocene

Benzoylferro- 5.10 100 6.86 30 4.10 20 10.2 5

cene
3-Tolylferro- 5.04 100 10.2 20 5.40 15 10.2 20

cene
Benzylferro- 5.40 100 16.4 90 4.04 80 16.4 90

cene

bon atoms. For instance, the long spacing of

hexadecanoylferrocene, 30.9 A as calculated from

higher orders, is very close to that of l,r-di-

octanoylferrocene, 30.4 A., and to hexadecylferro-

cene, 29.9 A, also calculated from higher orders.

This illustrates the importance of using higher-

order lines, for both compound identification and

precise calculation of long d spacings. This can

also be seen comparing the d value error intro-

duced by a deviation of 0.05°2^ at 2°2^ and at

25°2^. This error when using copper Ka radiation

is 1.08A at 2°2^ and only 0.007A at 25°2^. Despite

this limitation. X-ray diffraction is still adequate

for the identification of compounds giving orders

of reflection and superior for identification of

compounds giving more individualistic patterns,

as do the majority of compounds.

Table 2 gives data for several types of substi-

tutions and includes the three strongest spacings

and largest spacing along with intensities as meas-

ured from a flat specimen which was not rotated

in the sample plane in the diffractometer. Com-
plete diffractometer powder data may be found

for these and other compounds in a pubUcation by

this author.^ Spacings are not given for long chain

derivatives since the complete pattern may be

calculated simply by dividing the long spacing

shown in Fig. 2 by 2, 3, 4, 5, etc. Up to 25 orders

have been recorded by this author for some deriv-

atives. Extra lines frequently seen are nearly the

same as the strongest lines due to side spacings in

fatty acids and other long chain compounds, i.e.,

about 3.7A and 4.2A. Naturally, in near random
samples such as powdered cylindrical specimens,

many more lines are seen in the pattern in addi-

tion to those due to the long spacing.

It is difficult to show exact structural config-

urations for each ferrocene derivative mentioned,

because few single crystal data are available for

them. The crystal structure of dibenzoylferrocene

has been worked out^° and data have been shown
for several other disubstituted ferrocene deriva-

tives."

The structure of ferrocene itself seems to be

well established. The ferrocene molecule has a

pentagonal antiprismatic structure in which the

two cyclopentadienyl rings are symmetrical with

respect to the iron atom, resulting in a configura-

tion which is appropriately termed a sandwich

structure. Originally this structure had been sug-

gested on the basis of zero dipole moment, non-

polar nature, and single C-H absorption band."^-

Later crystallographic work^' * confirmed the pen-

tagonal antiprismatic structure of ferrocene, al-

though there was no exact agreement as to the

size of the unit cell.
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FERROUS- FERRIC (FRICKE) DOSIMETER. See Dosimetry,

Chemical.

FIBER PATTERN INTERPRETATION. See Fibers: X-Ray Dif-

fraction Anaylsis; Reciprocal Lattice in Fiber and Single

Crystal Analysis.

FIBER SCATTERING. See Scattering and Diffraction at Smal

Angles.

FIBERS: X-RAY DIFFRACTION ANALYSIS

Polycrystalline Structure of Fibers. High

polymer substances have a two-phase structure;

in the so-called microcrystalline regions (micro-

crystallites) the long-chain molecules are ar-

ranged in crystalline or nearly crystalline con-

figuration; in the amorphous regions alternating

with the former, the molecules have no distinct

crystalline arrangement. One long-chain molecule

can participate in one or more crystalline and

amorphous regions (Fig. 1).

In well-oriented fibers the long axis of the

polymer chain has a high degree of orientation

parallel to the fiber axis. One crystallographic

direction, the c-axis of the unit cell, is generally

parallel to the direction of the chain and hence

to the long axis of the fiber. This cell dimension

corresponds moreover to the repeat period of the

chemical units of the polymer chain (Fig. 2). The

other crystallographic axes have random orienta-

tation around the c-axis.

Essential Features of Fiber X-ray Diagram.

Due to the polycrystalline structure and cylin-

drical symmetry about the longitudinal axis,

described above, the type of X-ray pattern pro-

duced by a stationary fiber or by a bundle of

parallel fibers irradiated in a direction normal to

their long axis, is essentially similar to that pro-

duced by a single crystal rotated completely about

one of its crystallographic axes. The rotational

effect is inherent in the symmetry of the fiber

around its longitudinal axis. As a result, the re-

flections from the fiber lie on horizontal layer

lines, just as in the case of a rotating, single

crystal.

In addition to the diffraction spots originating

from the crystalline regions of the fiber, a diffuse

scattering is also present; this originates from the

amorphous regions and will be further discussed

under Individual Fiber Diagrams.

Techniques and Interpretation of Dia-

grams. Although flat-film X-ray photographs

are more commonlv used in fiber studies than

(a) (b) (c)

Fig. 1. Arrangement of chain molecules in micro-

crystalline system of Cellulose.

Schematic representation: (a) Following 0.

Kratkv {Angew. Chemie B 53, 153, 1940). (b)

Followmg O. Kratkv and H. Mark (Z. phys.

Chem. B 36, 129, 1937). (c) Following K. H. Meyer
and A. J. A. Van der Wiik (Z. Elektrochem. migew.

physik. Chem. 47, 353. 1941). From H. A. Stuart,

(ref. 37, p. 193) Springer. 1951.

cylindrical film photographs, the latter are prefer-

able for a more complete analysis, since they

register more diffraction spots, and furnish clearer,

straight layer lines, as compared to flat-film

photographs. Also, photographs with the fiber axis

tilted with respect to the beam for oscillating

about the position normal to the beam should be

taken, in order to obtain diffraction from planes

perpendicular to the fiber axis. Vacuum cameras

and highly monochromatized beams (e.g., by

curved crystals) are lately more and more used

in the study of fibers.

Cylindrical Film Diagrams. The inter-

pretation of the cylindrical film diagram from

a fiber is essentially the same as that of a rotating

single crystal. The fiber period which corresponds

to the unit cell dimension in the direction of the

fiber axis can be directly calculated from the layer

line spacing (height) following the formula:

l\ = c cos if (1) and ^ = ^A (2)

in which ^ is cot~i y/r, y the height of the layer

line, r the camera radius, I the order of the layer

line and f the vertical coordinate of the reciprocal
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a simple modification can be used to calculate cos
ip from any reflection on this line:

Fig. 2. Position of Cellulose I chain-molecules in

the unit cell, following Meyer and Misch {Helv.
Chim. Acta, 20, 232, 1937).

The molecules lie along the c-axis, the repeating
chemical unit corresponding to the fiber period
of 10.3 A.

lattice or the layer line height in reciprocal space.

Only meridional reflections, from lattice planes,

nearly perpendicular to the fiber axis, are not

located on the layer lines, but lie slightly below
these. This is because the location of these re-

flections is governed by Bragg's law rather than
by formula (1). If the fiber does not have some
degree of disorientation these latter reflections

will not occur, unless the fiber is tilted as dis-

cussed earlier in this article, so that these planes

form the proper Bragg angle with the beam.
The equatorial diffraction interferences which

originate from crystal planes parallel to the fiber

axis show how the chains are laterally packed to-

gether, although the lateral chain distance will

generally not be equal to the <i-spacing of these

reflections.

After determining the coordinates, f and ^ of the

reciprocal lattice points, using a Bernal chart,

conventional reciprocal lattice methods as used
for rotating crystals can in principle be followed,

to determine the other cell parameters. This is,

however, not so easily carried out in practice,

since the reflections from fibers are mostly blurred

and diffused and overlapping (see next section),

preventing an unambiguous reciprocal lattice to

be found. For a more reliable determination of the

unit cell, samples with double orientation are

required, in w^hich besides the c-axis, also, other

crystallographic axes have preferred orientation.

(Double orientation is found in exceptional cases

in natural fibers, but can be induced in many cases

in synthetic fibers by pressing and rolling.)

Flat Film Diagrams. The flat-film diagram
differs from the previous one only in that the

layer lines are modified into hyperbolas, formed by
the intersection of the diffraction cones around
the c-axis, with the flat film. Figure 3 shows how

cos (p

PiAi

PiO

PiAi

\/PiM2 + M02
(3)

The interpretation of the flat-film fiber diagram
was first given by Polanyi (1921).

In connection with the symmetry with respect

to the equatorial and meridian axes, these dia-

grams were originally called "four point dia-

grams."
Analysis of Fiber Structure by Radial Dis-

tribution Functions. X-ray photographs from
fibers generally differ from those of other crystal-

line substances in that the diffraction spots are

more diffused and often overlapping (so that their

indexing is difficult), and fewer in number. The
intensities rapidly decrease with increasing angle,

starting at angles of about 15°. The best patterns

have been obtained from synthetic polymers
rather than from natural fibers, although very
good, detailed patterns have been obtained from
such complicated substances as viruses and nucleic

acids.

In the last few years single crystals of perfect

cr3^stallinity have been obtained, however, from
several high polymer substances. These allow the

application of conventional crystallographic

methods, but due to their small size they have
been mainly studied until now by electron diffrac-

tion. In such crystals the high polymer chain was
found to be folded back upon itself into a crj'stal-

FiG. 3. Calculation of identity period in fiber axis

from interferences on flat film.

Pi, Po, and P'P" interferences on hyperbolas;

M point where primary X-ray beam hits the

plate; irradiated point of specimen; A vertical

projection from point Pi to the equator semi-

vertical angle of cone.

(From A. N. J. Heyn, 1952 ref. 16)



FIBERS: DIFFRACTION ANALYSIS 358

line configuration. It is beyond the scope of this

review to discuss the relation between such single

crystals, spherulitic structure and the structure of

fibers in general; some of these problems have

been recently reviewed by Stuart (1959).

In general, however, there is insufficient detail

in fiber photographs, to allow a full determination

of the structure following conventional crystal

-

lographic procedures. The limitations of the fiber

diagram are due to different factors inherent in

the structure of fibers. One reason is the small

crystallite size which causes broadening of the

reflections; another reason is that exact periodic-

ity exists in high polymers only to a limited ex-

tent. According to increasing number of authors,

fibers should rather have a paracrystalline struc-

ture (e.g., Bonart, Hosemann, Whittaker). This

viewpoint has been recently represented in an

extreme form by the Russian school of Kargin,

by whom the crystalline phase of high polymers

such as cellulose has been entirely denied, only a

"liquid phase" being assumed. This paracrystal-

line structure can be explained as a result of a

more complicated crystallization process from

solutions of long chain molecules, as compared

with solutions of smaller molecules, causing larger

defects and disorder of the crystalline structure.

For these reasons various authors have tried dur-

ing recent years to arrive closer to the real struc-

ture of fibers from high polymers by abandoning

the conventional, crystallographic methods ("poly-

mer crystallography"), which presumed a per-

fect crystal lattice (peak or 5-function) to exist

in fibers. They assume instead a liquidlike struc-

ture in these solids, which can be described by a

radial distribution function. This function is calcu-

lated by a one-dimensional Fourier inversion of

the scattered intensity and the result applies

irrespective of the presence of a crystalline and/or

amorphous or mesomorphic state. Such ap-

proaches have been followed by Riley and Arndt,

MacGillavry and Bruins, (1948) Hosemann,

(1949-1962) Norman, (1954) and lately the Rus-

sian school of Kargin (1958). Riley and Arndt

(1954) used a spherical radial distribution func-

tion for unoriented high polymers; Bjornhaug et

al. (1954), did essentially the same for oriented

fibers.

Norman presented the most complete mathe-

matical treatment of the problem. His distribu-

tion function D (f) is identical with the Patterson

function in ideal crystals and equal to the radial

distribution function when liquids are investi-

gated; this function is defined by

/

"'" L p{q)p(q + f) dv{q) (4)

in which p{q) is the electron density at vector

distance q from the origin, dv is a volume element

and the product under the integral sign refers to

the density at two points at a distance r.

The intensity is

I^ir*) = / (r) cos 2Trr*r dv (5)

1 _ _
2 sin

in which r* = - (s - So) and
|

r*
|

= 5 = —

—

X ^

and Ic {'•*) is the scattered radiation in electron

square units.

Bv Fourier inversion D (?) is obtained

D (?) =
I

/,(/•*) cos 27rr*r dv* (6)

in which dv* is a volume element in reciprocal

space.

Cylindrical Syrnnietrical Distribution

Functions. Norman also derived a cylindrical

symmetrical Patterson function as a special case

for oriented fibers.

Such a function had already been earlier pro-

posed by MacGillavry and Bruins (1948) for fibers

with distinct periodicity along the axis giving

layer line diagram. They derived the following

formula for a layer line fiber diagram.

The Patterson function ip (z, x) is calculated

from

<^a(2, -r) = S «^a- (A) cos 27rZ, (7)

A-

Each Fourier coefficient cpKix) on the klh layer

line is calculated from

<^.(x) = ^- [ H{k,^)Joi:2^hx)id^ (8)

in which H (l\ ^) is the intensity of the reflections,

Jo the zero order Bessel function. A" the number

of periods in the fiber direction, V the volume

irradiated, and k the layer line order. The Bessel

transform ipo{x) of the intensity on the equator

gives the radial distribution function of the pro-

jection along the fiber axis, from which the lateral

packing of the chains can be calculated.

The result is a Patterson diagram rotated and

averaged about the axis, or a section parallel to

the fiber axis through a cylindrical SAmimetrical,

three-dimensional Patterson transform. In this

way the length and inclinations with regard to

the fiber axis of the interatomic vectors can be

obtained, but not their direction.

The Patterson function does not contain any

more information than already contained in the

X-ray diagram, but it greatly facilitates its inter-

pretation. The Patterson function is calculated

from the diagram by taking into account only

scattered intensities on a known layer line and

their distances from the center of the line; a

clear separation of the reflections is not necessary.

By comparing the observed Patterson function

with a function calculated for an assumed struc-

ture of a long-chain molecule, a check of the cal-

culated structure is possible.

A modification of the method, for cases in

which the fiber axis does not possess strict axial

periodicity, has been derived by Wrinch (1946)



359 FIBERS: DIFFRACTION ANALYSIS

and Vinyard (1951); their formula differs from

(8) in that a two-dimensional Fourier inversion is

used, integrating over f and ^ to obtain D {X,

Z). Norman (1954) arrived at an identical for-

mula later on.

The above methods have not been applied to a

very great extent so far. As examples, reference is

made to Franklin and Gosling (1953), Norman
(1954) and Ruscher (1959).

Spherical Symmetrical Distribution Func-
tions. Spherical distribution functions can he

used in the study of unoriented polymers. Riley

and Arndt (1954) suggested the use of the original

spherical distribution functions for liquids

(Debye, 1930). Bjornhaug (1954) also used a

spherical function a{r) obtained by a one-di-

mensional Fourier inversion of the intensity curve:

cri?) = - [^ si
I

s
I

sin sr ds (9)

in which s = (4 tt/X) sin d and / (s) is the difference

of the continuous independent scattering curve
an the periodic experimental curve, just as in the

case of liquids. This expression onl}^ slightly

differs from the one used by Riley and Arndt.
In the interpretation of the curves the authors

distinguish between intra- and intermolecular
contributions and calculate the a{r) curve for the

intramolecular contributions for the case of a

planar zigzag chain. This curve is subtracted from
the total distribution curve to obtain the packing
of the chains.

Helical Structure in Fibrous Proteins. It

has been assumed so far that the polymer chains
in the crj^stalline regions are straight and aligned

parallel to the c axis.

In fibrous proteins, however, the chains often

Fig. 4. Schematic representation of helical mole-
cule with oblique planes through each "turn'' and
horizontal planes through each atom of the helix.

Arrow indicates repeat period. (From A. R. Stokes,
Progress in Biophysics 5, 140.)

occur in a folded state. This was concluded as

early as 1941 l)y Astbur}' and co-workers from the
transition of a-keratin into its /3-modification.

The ^-modification corresponds to the stretched
state and has a different X-ray diagram from the
a-modification; its structure is similar to the
structure of silk fibroin in which the molecules
occur in the extended state. This structure is now
designated as "pleated sheet" structure.

It has become clear that the symmetry of fiber

molecules is almost always a screw axis and that
many long chain biological molecules, such as

proteins and nucleic acids, are folded into helical

configuration. This coiling process can be con-
sidered as the formation of a one-dimensional
crystal by secondary valence forces. The helices

are packed in turn parallel with each other, in

some crystalline arrangement, e.g., in hexagonal
packing. In connection with the great importance
of this structure for molecular biophysics a more
detailed discussion is given in the following.

The presence of helical structure has been con-

cluded from stereochemical considerations (bond
distances and bond angles) and from special

features of the X-ray pattern, such as the presence
of diamond-shaped regions, free from reflections,

on both sides of the equator, and the absence of

meridional reflections on lower order and their

presence on or near higher-order layer lines. The
first feature can be understood without going into

any mathematical treatment: If oblique planes
through each turn of a helix are considered to
form a pitch angle a with the axis (Fig. 4) these

planes will contain nearly all the atoms (the side

chains are assumed not to contribute to the scat-

tering since their effects will mutually cancel out
due to their irregular distribution). These planes

actually describe surfaces of flat cones round the
axis. When the X-raj'- beam forms the Bragg angles

with these conical surfaces, reflection will occur
and it is easily seen that the first order reflections

will therefore lie on the edge of a diamond-shaped,
reflection-free, region of the pattern.

It will also be seen that the angle between the
sides of the diamond and the meridian will cor-

respond to the pitch angle of the helix.

The repeat period of 1.5A of the protein back-
bone residues, forming the helix, will not give
rise to layer lines, but be replaced by a true repeat
period corresponding to one or more turns of the
helical molecule. If ni 1.5A residues, with an
axial spacing p, occur per complete period of the
helix, a meridional reflection from the 1.5A period
will be seen only near the mth layer line. This
reflection originates from horizontal planes of

1.5A spacing which can be brought through equiva-
lent atoms in the lateralh' packed helices. These
planes can onh^ give reflections on the meridian
and will do so if the fiber axis has sufficient tilt

with respect to the beam (Perutz, 1951) as ex-

plained under Techniques and Interpretations of

Diagrams. Since their spacing is 1/m times the

spacing corresponding to the first layer line from
the helix their reflection must lie near the mth.

layer line of the helix. In this wav the number of
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atom groups for a repeat period of the helix can

be determined from the diagram. The pitch of the

helix can be derived from the layer line and the

diameter of the helix follows from the pitch and

the pitch angle, a..

The exact mathematical treatment has been

given by Cochran, Crick, and Vand (1952), who

calculated the Fourier transform of the helical

molecule (Fig. 5). The results of their calculations

is that a continuous helix will give a diffraction

pattern in which the intensities are limited to

layer lines of heights ^ = njF and vary along each

layer line proportional to

[/„(27rr|)]2 (10)

in which r is the radius of the helix, P the actual

spacing or pitch of the helix, n, the order of the

layer line, and Jn nth order Bessel function.

If the helix is discontinuous and contains ///

separate atom-groups of equal axial spacing p,

its transform has to convolve with that of a paral-

lel set of planes of spacing p, (of which the trans-

form consist of a simple set of points of spacing

\lv.) The resulting transform of the discontinu-

ous helix thus consists of the transform of the

continuous helix superimposed by the same trans-

form with its center shifted successively to points

of spacing l/jo from the origin. The resulting

height of the layer line is

r (11)

If P Iv cannot be expressed as a ratio of whole

numbers, the layer line planes will fill the whole

Sehicht- Ordnung der

linie Bessel- Funkuonen

a (T

Fig. 5. Schematic section through the Fourier

transformation of an alpha-helix, (a.) 5.1 A re-

flection, (b) 1.5 Perutz reflection. From Cochran,

Crick, and Vand, 1952 (ref. 10).

Fin. 6. Generation of alpha-helix. From Corey

and Pauling (Proc. Intern. Wool Text. Res. Con-

ference, Australia, p. 252, 1954.)

Fig. 7. Geometry of reflection from fiber struc-

.vis axis of fiber ; IC direction of incident beam

;

C specimen plane; F its pole; p (rho) the angle

the pole axis forms with the direction, N. PUQV
reflection circle; PAQB latitude circle. P and Q
intersections of reflection and latitude circles; i^

and T the corresponding diffraction spots on him

at an azimuthal angle, a (alpha) from the merid-

ian (From Culhty, Elements of X-ray Diffraction,

p. 277, Addison Wesley, 1959).

of reciprocal space, but if they can be expressed

in such a ratio, they will be limited to certain

planes only. The spacings of these layer lines

will correspond to the true repeat period of the

discontinuous helix. The superimpositions of these

transforms give rise to the empty diamond-shaped

regions discussed above. The a-helix proposed by

Pauling, Cory, and Branson (1951), Fig. 6, contains

a nonintegral number of residues per turn of the

helix. As an example, polymethyl-1-glutamate is

given in which the chain repeats exactly after

five turns and contains in total 18 residues of an

axial spacing 1.5A, so that the actual repeat period

of the helix is 27A. In this case P is 5.4A, p 1.5
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(a) (b)

(c)

w
(d)

Fig. 8. Diffraction patterns for natural and synthetic fibers.

A. Cotton (Gossypium hirsuturn L.) "Empire" X-ray angle subtended by outer equa-

torial arc 33.2°

B. Cotton "Coker 100 Wilt." X-ray angle 44.2°

C. Ramie (Boehmeria nivca), degummed
D. Dacron (Fiber V) (E. I. du Pont de Nemours & Co. Inc.) ; also Terylene

and P/p or 18/5 as the transform is limited to

layers for which

n
f = P

+ = —A
27

(12)

Besides the alpha helices, other helices have been
proposed.

Preferred Orientation. In well-oriented fibers,

the orientation angle ^ of crystal planes to the

fiber axis can be determined in the following way

:

Figure 7 shows the geometry of the reflections

by fibers. The normal of the crystal planes inter-

sects the reference sphere, in poles which are re-

stricted to latitude circles PAQB around the

fiber axis. Diffraction from these planes can
only occur when they also form the proper Bragg
angle 6 with the incident beam. This requires that

the poles also lie on a so-called "reflection circle"

R on the surface of the reference sphere, the angle

between the radius through points of this circle

and the direction of the beam being 90° — 6. It is

easily seen that anj- lattice plane forming an

angle with the fiber axis will cause 4 intersections

corresponding to 4 sj^mmetrical reflections on the

film and that any plane parallel to the fiber axis*

will only cause two intersections corresponding to

two equatorial reflections.

The relation between the angle p, formed by the

reflecting plane with the fiber axis, and the angular

distance, a of the reflection on the film (measured

from the meridian) following Polanyi is given by

cos p = cos a cos 6 (13)

In this way the indices [//, i\ u\] of the fiber

* These planes are sometimes designated para-

tropic planes; those perpendicular to the axis are

designated as diatropic planes.
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axis can be determined in cases (e.g., in metal

wires) where this axis is not identical the c-axis

as in polymers. By determining a for a number of

reflections and comparing the values with a table

of interplanar angles the fiber axis can be identi-

fied.

If d is small, this reduces to p = a. This procedure

can be used/if a spiral structure is present, giving

rise to four intensity optima on a diffraction ring.

362

If the microcr^'stallites have preferred orienta-

tion around the fiber axis, the reflections enlarge

also in a tangential direction, to form arcs or

sickles. The average orientation angle of micro-

crj'stallites can be determined from the extent of

these arcs.

For this purpose the intensity distribution

along the arc is photometrically determined

following Sisson and Clark (1953). In order to

•li!

o § D

Fig. 9.

A. Fortisan 60 (Celanese Corp. of America)

B. Fiber G, 1100-552 (E. I. du Pont de Nemours & Co^, Inc.)

C. Polyethylene, unstretched monofilament (American Viscose)

D. Polvethylene, stretched monofilament
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separate this intensity from the background in-

tensity, Kratky (1935) made radial traces across

the arc at various places to obtain the backgroued

intensity.

For a relative evaluation of the orientation, the

angle from the equator to a point in the arc

of an intensity, /, which is 40 per cent of the equa-

torial value is measured, in studies with cotton

fibers. (Berkley and Woodyard (1938) Sisson

and Clark, Berkley (1939), Meredith (1951).

For more accurate work the evaluation proce-

dure by Hermans et at., (1946), can be followed.

These authors have shown that in cellulose the

mean square sine value of the average orientation

angle /3 can be derived from sin^ /3 = sin^ «! + sin^

02 . This in turn equals about 2 sin^ a^ ,
if /3i ,

«! , a2 and ai are the angles between the fiber

axis and the normal, to the (020), (101) and (002)

planes; sin a can be evaluated from the X-ray

intensity distribution of the (002) arc by a pro-

cedure described by these authors, based on

graphical integration.

The average orientation angle F is defined as

the average angle of inclination with respect to

the fiber axis of the chain molecules in the micro-

crystallites. This average is taken in such a way
that the optical anisotropy of the fiber is equal

to the situation in which all the molecules form
this angle with the fiber axis. This angle is F =
1 - 3 sin2 ai .

Degree of Cvystallinity. The proportion of

crystalline and amorphous material is verj^ im-

portant for the mechanical properties of the fiber.

Various methods have been worked out to deter-

mine this quantity for X-ray diffraction. These
methods are essentially based on the measure-

ments of the intensity of background scattering

(originating from the amorphous phase) and of

certain reflections (originating from the crj^stal

"~ji

D

Fig. 10

A. "Teea" (staple fiber, 8 denier)

B. ''Koda," 75-38 (Tennessee Eastman Corp.)
C. Polyfiber polystyrene (Dow Chemical Co.)
D. Glass fiber 450-413 (Owens-Corning Fiberglas Corp.)
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E

H

Fig. 10 cont'd.

E. Velon, 0.2 mm (Firestone Plastics Corp.)

F. Saran (National Plastics Corp.)

G. Vinvon HH (American Viscose Corp.)

H. Vinyon CF 250-216 stretched resin yarn

line state). Standardized X-ray methods are used

(Hermans et al., 1949, Matthews et al., 1949, Clark,

1955.)

Radially Symmetrical Unit Cell. In order to

account for certain features in some fiber dia-

grams, e.g., of asbestos, Whittaker (1954) has

proposed a wedge-shaped unit cell originated by

the rotation of a three-dimensional lattice around

the fiber axis. This cell may be combined with a

helical configuration. Such a unit cell would be in

good agreement with the radial symmetry of

fibers.

Individual Fiber Diagrams. For the discus-

sion of the individual diagrams of natural syn-

thetic fibers, reference is made to a review article

by the author (Heyn, 1954). For a discussion of

unit cells derived, reference is made for instance

to reviews by K. H. Meyer (1953).

Even without going into a complete analysis

of the diagram it is possible to identify chemical

groups and sometimes individual fibers from the

features of the diagram by comparing those with

standard diagrams (Heyn), 1952. A selection of

patterns for natural and synthetic fibers in Figs.

8, 9 and 10 illustrate these identifying characteris-

tics. Patterns for protein fibers will be found in the

article on "Protein Fiber Structures, Especially

Keratins."
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A. N. J. Heyn

FIBRILLAR STRUCTURES*

In stretched synthetic linear polymers the more

or less completely parallel chain molecules are as-

sembled into the so-called fibrils (fibrillae). This

fine structure is consistent with the macroscopic fi-

brous character of the specimen under investigation

as well as with the revelations from the corre-

sponding electron micrographs. Far-reaching con-

clusions concerning the structure of the fibrils and

their common arrangement can be gained with the

help of wide-angle and small-angle X-ray scatter-

ing.

The high polymers concerned are m general

partially crystallized and also possess adjacent

crystalline and amorphous portions. It is observed

beyond ciuestion in the X-ray wide-angle diffrac-

tion patterns that besides more or less sharp crystal

reflections there are superposed diffuse scattered

radiations principally in the form of 2 or 3 diffuse

rings or halos. In the X-ray small-angle diagrams

there appear long-spacing interferences, which for

the first time were observed by Hess and Kiessig'

in the year 1942 for stretched polyamides and

polyesters (Fig. 1). By calculation from the Bragg

law these long spacings refer to a periodicity along

the fiber axis of about 60 to 300A, depending upon

the material and previous treatment. (In natural

fibers these periods reach 700A or more).t In agree-

ment with the corresponding electron microscope

measurements, this effect is considered by most

authors to be due to periodic changes from amor-

phous to crystalline phases within the individual

microfibrils.

The Model of Belbeoch and Guinierr In con-

trast to the explanation just mentioned, Belbeoch

and Guinier interpret the small-angle diagrams,

for example, of stretched polyethylene, as pure

particle scattering by special macroparticles whose

inner structure produces the long-period meridional

reflections. These authors, how^ever, proceed im-

plicitly from highly special, not very plausible as-

sumptions of a statistical kind. In addition, their

model is also in other respects controversial, al-

though it has been able quantitatively to account

for the scattering effect. It is difficult to reconcile

information from the wide-angle scattering with

that of the ultimate atomistic structure. While

the wide-angle diagrams frequently enable the

recognition of well-built crystallites, in the interior

of which a constant average density must prevail,

Belbeoch and Guinier assume within their macro-

* Translated from the German by the Editor.

t First observed m 1930 bv Clark and Corrigan,

Radiology 15, 117 (1930); for collagen by Clark

and Schaad, ibid. 27, 339 (1936) : and for cellulose

bv Clark and Parker, Science 85, 203 (1937).—

Editor.
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(a) (b)

Fig. 1. X-ray small-angle diffraction diagrams of stretched linear polyethylene.

a. At room temperature, stretched about 1:6.
.

.

b. Specimen compressed perpendicular to fiber axis, and irradiated m the direction ol

compression.
, t n i

c. Same as b, but irradiated perpendicular to direction ot compression. In all tliree cases

the fiber axis lies vertically in the plane of the paper.

particles an over-all continuously varying density,

which of course leaves httle room for crystalhtes

with constant density. In further discussion further

similar difficulties will appear.

The Model of Morgan (Fig. 2). Morgan traces

the long-period interferences to minute libbon-

hke fibrils turned hke the threads of a screw, so

that the long periods are determined by the pitch

of the turns on the screw. This interpretation is

only useful to any extent for the 4-point diagrams,

since it recognizes that the intensity of the long-

period interferences shows a minimum on the

meridian. Fundamentally the intensity relation-

ships on the meridian must be connected with the

projections of the individual fibrils upon the fiber

axis. However, since the projection of a screw-

formed hehcal configuration upon its s^^mmetiy

axis cannot disclose the pitch of the helix, this

pitch also cannot be derived from the meridian of

the small-angle diagram, if hehcal fibrils are ac-

tually basically involved. As a general principle of

structure, therefore, for the building up of

stretched linear polymers, the model of Morgan

cannot be accepted, although in exceptional cases

it can be applied.

The Models of Hess and Kiessig/ of Station,^

and of Bonart and Hosemann.' Hess and Kiessig.

and especially Statton (Fig. 3) have proposed that
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the above-mentioned periodic change from amor-

phous to crystalline states is connected with a

periodic building up of the chain molecules in the

amorphous ranges. In contrast with this, Bonart

and Hosemann propose a partial folding back of

chain molecules in the boundary layer between

the amorphous and crystalline phase regions (Fig.

4). This kind of chain folding appears also in films

of melts and also in very small single crystals

which can be obtained from highly dilute solutions

of linear polymers. In addition, the lamellar

structure of the spherulites also plays an important

role. The assumption of a partial chain folding also

in stretched material is clarified by the following

point of view.

The projection of a fibril upon its fiber axis is

similar to the projection of the practically struc-

tureless helical fibrils of Morgan, if the long period

is exclusively reahzed by a periodic building up of

Fig. 2. Structvu^e of single fibrils according to
Morgan.

Fig. 4. Partial folding of chains in the limiting

layer between amorphous and crystalline domains.

X3

^X2

Fig. 3. Structure of fibrils according to Statton.

3 Phaser) 2 Phasen

Fig. 5. Micro- and macrofibrils.

the chains, whereas the long period can easily be

accounted for by a partially periodic chain folding.

Fibrils without periodic chain folding should then

lead basically to a 4-point diffraction diagram.

Furthermore, the higher space requirements of the

amorphous phase texture should force the laterally

dense and tightly packed fibrils into an hexagonal

packing of the crystalline phase, which must mani-

fest itself in a 4-point diagram. This cannot be

proved experimentally. The ciuantitative interpre-

tation of the corresponding small-angle diagram

convincingly shows that the crystalline phase in

laterally dense and tightly packed microfibrils in

general possess no position correlation whatever,

but must be displaced from one another purely

statistically. By a heat treatment the crystalline

regions show the tendency mutually to approach,

so that they lie more or less at equal height.

Rolling and Compression Researches. An hex-

agonal closest-packing of the crystalline regions,

which manifests itself in a 4-point diagram, can be

accomplished by rolhng or pressing of a stretched

or extended specimen. It can scarcely be doubted
that the denser crystalline regions also have a

higher space reciuirement, as it corresponds to a

])artial chain folding.

Of interest also at the same time is the fact

that in many cases by rolling or compressing of a

stretched specimen a 3-dimensional orientation of

the atomistic structure is obtained. This effect is

particularly apparent for ribbonlike fibrils, since

the planes of these ribbons lie in the plane of roll-

ing or compression. Partially the same kind of

preferred orientation of the crystalline phase is

set up by drawing out thin foils, without the mate-

rial being rolled or compressed.

Micro- and Macrofibrils CFig. 5). Isolated
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. 6. Nematic, smectic and paracrystalline

structures.

fibrils are to be considered as rodlet-shaped ap-

proximately uniform particles, disregarding the

small electron density difference between amor-

phous and crystalline phases. This calls forth a

proportionally intense particle scattering on the

equator, from the relative values of which the

thickness of the fibrils can be ascertained.

The weaker intensities of the long-period inter-

ferences indicate directly the electron density dif-

ferences between the amorphous and crystalline

phases within the individual fibrils. The layer-line

breaths measured perpendicular to the fiber axis,

in the same way as that of the monotonic equa-

torial scattering, is conditioned by the fibrillar

thickness, in case no reciprocal action l)ctween

neighboring fibrils is involved.

The experimental finding is that the integral

breadth or also the half-\-alue breadth of the

monotonic small-angle scattering on the equator in

general is intrinsically smaller than the correspond-

ing breadths of the long-period interferences. Ap-

parently the individual fibrils are bent laterally

towards each other so densely that the electron

densities between them practically do not decrease.

In this way they build so-called macrofibrils or

fibrillar ropes whose density distribution enters

into the monotonic equatorial scattering, and can

be derived from this. The layer-line breadth of the

long-period interferences on this account is deter-

mined alone by the thickness of the individual

fibrils, or better of the microfibrils, in case no posi-

tion correlations between the crystalline regions

exist in laterally adjacent microfibrils, or a nematic

structure is accomplished within the fibrillar ropes.

Paracrystalline Layer Structures. The transi-

tion between the nematic and smectic states of

order is represented according to Bonart and Hose-

mann (see Paracrystals) by the so-called para-

crystalhne layer structures (Fig. 6). These indi-

cate in small-angle diagrams that the layer-line

breadths of the meridional reflections perpen-

dicular to the meridian are not constant, but grow

in breadth with the order number of the merid-

ional reflections, or also within one and the

same order with increasing distance from the

equator. These changes proceed all the more

rapidly the more the concerned paracrystalline

layer structure departs from an ideally smectic

arrangement of the crystalline region; and the

more strongly also the laterally adjacent crystal-

line regions in the direction of the fiber axis are

displaced. The limiting value upon which the

mentioned layer line breadth can grow is deter-

mined by the thickness of the microfibrils. This

kind of paracrystalline layer structure appears, ac-

cording to previous experience, by tempering of a

cold-drawn specimen or by hot drawing. Obviously

the crystalline regions show at elevated tempera-

tures the tendency mutually to approach each

other, and if necessary to crystalhze laterally to-

gether. Thereby the crystalline regions as well as

the microfibrils lose, to a very great extent, their

original individuality. The scattering effect of the

paracrystalline layer structures on this account

cannot be treated arbitrarily according to the

interference theory of the ideal paracrystal, in

which the mass points of the individual crystalline

regions would be conceived to be the lattice points

of the paracrystal, but a new somewhat modified

approach is reriuired.

The Extension of the Crystalline Regions in

the Direction of the Fiher Axis and the Fluctua-

tions in Separation Between Them. The projec-

tion of tlic small-angle diagram upon the meridian

according to the rules of the Fourier transforma-

tion is expressed by the totality of all structures

upon any line parallel to the fiber axis. This can

l)e comprehended as a one-dimensional ideal para-

er\'stal under the assumption that all crystalline

domains in the direction of the fiber axis have

l)ractically the same lengths. Accordingly, the men-

tioned projection is to be analyzed. In the inter-

pretation of the results according to the reciprocity

laws of optics (Babinet's theorem) by all means

caution must be observed. That is, if one proceeds

from the interference theory of lamellar packets

according to J. J. Hermanns," it happens that if

necessary also the amorphous domains can act as

lattice building units, if their fluctuations in length

are markedly smaller than those of the crystalline

regions. As the comparison of diffraction diagrams

of tempered and untempered specimens demon-

strates, this possibility in no case is to be pointed

to as purely academic if one will not accept that

the extension in length of the crystalline regions

decreases upon tempering.

The intensity function of the lamellar packets

according to J. J. Hermanns appears as follows:

7(6)

with

1 (1 - Fk) (1 - Fa)

2^252
'

1 _ FkFA

(k, crystalline; A, amorphous)

(1)

b\
2 sin 6

where 29 is the scattering angle and \ the wave-

length of the X-ray beam used ; and besides

F,{h) = F{pkixz)} or FAib) = ¥{pa{xz)}



369 FIBRILLAR STRUCTURES

where p is density and Xa direction of fiber axis,

describe the Fourier transforms of the length statis-

tics

Pkixs), pAi^s)

respectively for the crystalhne and amorphous

domains. The fold product

pk(Xs)pA{X3) = hAXz)

gives the distance distribution between the mass

points of the crystalline region which in the direc-

tion of the fiber axis are directly adjacent. The

corresponding fluctuation parameter is ^33 . In the

theory of the ideal paracrystal hs(x) is designated

as coordination statistics and

Hsibs) = F{h{x)} = Fk' Fa

as statistical factor.

If one now accepts that all crystalline regions

show the same extension length in the direction of

the fiber axis, then the statistics fk(x) is expressed

by the Ewald point function P(x — Gk) with

(xP - ajc) =0 for

and

aJ > 5 ==

p{x — Uk) dx = 1

By this there results

Fk = exp —2Trib3ak

and 1

Hz = FAih) exp —2Trihiak

With trifling transformations there follows

(1 — Fk) ~ exp —rrihsak (exp +Trihzak

— exp —nihzak) — 2i sin irhattk exp —irihsak

and

exp -iribsak (1 - F.4) = (1 - ^3) cos Trhak

— iil + ^3) sin irb-iak.

Entirely similarly the intensity function of the

lamellar packets goes over to

Ibz = '

Here the term

/sin^r^Y p 1 + -^3(63

V 7r63 / ' 1 - ^3(63

/sin TvbzakV-

\ 7r63 /

is obviously the bailding unit factor |
i?«| ^ of the

crystalline region and

Gitterfaktor Kj(bj)

Jntensitatsfunktion

J(b3J=\RorK3

Re
1 + Hdbz)

1 + H^ibz)

Fig. 7. Lattice factor and intensity function for

different degrees of distortion (gsa = 30%, 40%,
50%). For the average lattice translation, or for

the extension of the crystalline domains in the

Xs-direction (fiber axis), it is assumed that Cs = 1

or D3 = 0.5. The maxima in the intensity function

is displaced with increasing degree of distortion at

smaller diffraction angles so that the Bragg law is

poorly obeyed.

is the known lattice factor from the interference

theory of the ideal paracrystal (ci v).

The analogous transformation is possible if one

assumes that all amorphous regions in the direc-

tion of the fiber axis have one and the same

length, aA . In the general case, however, if the

crystalline as well as the amorphous regions ex-

hibit length fluctuations then such a simplification

of the intensity function cannot be carried through.

Nevertheless one is compelled for a practical

analysis to split up the experimentally determined

intensity evaluation into a building unit factor

and a lattice factor, since the exact form of Eq. 1

gives no hint as to the magnitudes Fk and Fa so

that the length statistics Uix) and /^(a:) can be

individually evaluated. It is not possible to know
whether the building unit factor apphes to the

crystalline or to the amorphous regions, or indeed

to both simultaneously. Here if necessary parallel

investigations in the wide-angle range may pro-

vide further help concerning the crystallinity of

the specimen concerned. The lattice factor remains

practically unaffected by this difficulty so that it

is possible in this manner at least to determine

the fluctuation parameter ^33 . Figure 7 shows that
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Fig. 8. Relative intensity variation on Ihe fMiua-

tor and in meridional reflections for Fig. la, plotted

logarithmically against the square of the scattering

angle.

the one-dimensional lattice factor, Kaiha), ap-

proaches a constant terminal value of one with

growing 63 more rapidly the greater the relative

separation fluctuations, ^33 , between the mass

points of the crystalline regions in the direction

of the fiber axis. Herein lies the possibility of

distinguishing between building unit factor and

lattice factor.

Linear Polyethylene as a Model Substance.

a. The variation of intensities on the eciuator

and layer lines

:

In the small-angle diagram of cold-drawn linear

polyethylene, besides the proportionally intense

monotonic small-angle scattering, only long-

period meridional reflections in the first order

are observable. If the integral breadth of these

reflections is determined perpendicular to the

meridian at different distances from the equator

the same over-all value is found. From this it

follows that the microfibrils in the direction of

their length are displaced arbitrarily to each other,

and the crystalline regions have a nematic arrange-

ment. Accordingly the layer line breadth provides

information concerning the thickness of the micro-

fibrils. The semilogarithmic plotting of the inten-

sity distribution in the layer line leads to a straight

line according to Guinier (Fig. 8), whose constant

slope suggests monodisperse microfibrils with prac-

tically circular cross section of about lOOA diam-

eter. The intensity distribution on the equator

yields a curve which at larger scattering angles

runs with the same constant slope as the first

-

named straight line. This permits separation easily

into three linear terms of a sum, where each of

the three terms corresponds to a practically mono-

disperse fraction of fibrillar strands with practi-

cally circular cross sections of 100, 200 and 400A.

With the limited resolving power of the appara-

tus used, it cannot be ascertained at present

whether still thicker strands are involved. From
the ordinates of the 3 'linear' components for 2d =

it can be derived that 19 per cent of all micro-

fibrils covered by the analysis appear isolated, and

37 per cent and 44 per cent respectively are com-

posed of fibrillar strands made up of 4 and 16 mi-

crofibrils, of about 200 and 400A thickness.

The original semitransparent material becomes

snow-white in cold drawing, and glass-clear by

applied pressure. Coincident with these changes

there appears to be practically no monotonic

small-angle scattering on the equator in the dia-

gram of the compressed specimen. Obviously the

originally isolated microfibrils and fibrillar strands

are compressed into a practically unlimitedly large

fibrillar block whose ^-olume scattering no longer

can be analyzed.

B3' irradiation of tiie compressed specimen in

the direction of compression it is found that the

original intensity distribution in the meridional

reflections remains unchanged. In all planes orthog-

onal to the compression direction the laterally

adjacent crystalline regions as before are displaced

with respect to each other arbitrarily parallel to

the fiber axis.

By irradiation of the specimen at right angles to

the compression and fiber directions the diffraction

pattern shows a clear 4-point diagram, which in-

dicates an hexagonal packing of the crystalline

regions in all planes which pass through the fiber

axis and the compression direction.

Polyethylenes with branched chains, as with

many other high polymers, directly upon stretch-

ing remain clear or at least as transparent as they

were to begin with. At the same time each small-

angle scattering on the eciuator is missing. Ob-

viously in such cases there are practically no iso-

lated fibrillar strands from the beginning. The
same phenomena are true for hot-stretched linear

polyethylene.

In the small-angle diagram of cold-drawn and,

for several hours, tempered at 200°, linear poly-

ethvlene, there is observed besides the equatorial

\
\^^\>^
~~ -— ^ \^

^V V --^^^-^^ ^^47 1^ ' /

"^^ \

\̂
"^^--~^^^. Sc/)/c/ir(/Qi £

Fig. 9. Relative intensity variation on the equa-

tor, first and second layer lines in the small-angle

diagram of cold-drawn and tempered, at 200°,

linear polyethylene, plotted logarithmically against

the square of the scattering angle.
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scattering and appreciably intense meridional re-

flections in the first layer line, very much weaker

reflections also on the second layer line. The corre-

sponding Guinier diagram shows directly that the

integral breadth of the intensity distribution per-

pendicular to the meridian increases with increas-

ing ordinal number of the layer line. Obviously a

paracrystalline layer structure exists in the tem-

pered specimen. The monotonic small-angle scat-

tering on the ecjuator can be also split up into

"Hnear" terms in a sum which governs the indi-

vidual fractions of monodisperse fibrillar strands.

The thinnest strand is identical with the single

isolated microfibrils. The almost constant slope of

the intensity variation in the second layer line is

practically exclusively determined by the thickness

of the microfibrils, while in the steeper slope of

the first layer line there is noticeable truly the ef-

fect of the position correlation between laterally

adjacent crystalline regions. (Fig. 9)

h. The course of intensity on the meridian of the

small-angle diagram

:

Regarding the absence of monotonic small-angle

scattering on the equator, Fig. lb is especially

suitable for analysis. For this it suffices to use in-

stead of the projection mentioned in the preceding

section the intensity variation itself. In the pro-

posed case it is identical with the projection, since

the microfibrils here are arbitrarily displaced rela-

tive to each other. The relative intensity variation

upon the meridian plotted semilogarithmically ac-

cording to Guinier leads to the curve illustrated in

Fig. 10, which beyond the maximum runs practically

linearly. Obviously the lattice factor in the linear

part of the curve has a terminal value which ap-

proaches one so that the branch of the curve is

given directly by the building unit factor Re(b)-

which is here permitted to approximate a single

Gaussian term. From the constant slope of the

building unit factor so separated there is ob-

tained an average length extension of the crystal-

14 -
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Fig. 10. Relative intensity variation on the

meridian in Fig. lb, plotted logarithmically against

the square of the scattering angle.

Fig. 11. Relative intensity variation and lattice

factor on the meridian for Fig. lb, plotted linearly.

line regions in the fiber direction of about 115A.

The lattice factor resulting from forming the

quotient shows as a consequence of the strong

fluctuations in distances between the mass points

of the crystalline regions within the individual

microfibrils no single true maximum.
The long period interferences in the foregoing

case also demonstrate no true reflection upon
which Bragg calculations could be made. The "re-

flection" arises from the coincidental action of the

building unit factor and the lattice factor. It is

evident that in this case only the long-period "re-

flection" can appear in the first order and that the

Bragg law in all cases provides only a first approxi-

mation for the magnitude of the long period.

The relative distance of separation fluctuation

g;yi between the mass points in the fiber direction of

the adjacent crystalline regions can be evaluated

under the condition that the experimentally de-

termined variation of Z(b) is extrapolated to

b = 0. Thus there is found on the ordinate axis

(Fig. 11) a value between 0.2 and 0.4, which ac-

cording to the theoiy of ideal paracrystals is equal

to (gfss)". The fluctuation parameter gfss here also

lies between 0.4 and 0.6, that is between 40 and 60

per cent.
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FIELD EMISSION TUBES. See Cineradiography; Tubes, X-Ray,

with Field Emission Cathodes.
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FIFTY YEARS OF X-RAY CRYSTAL ANALYSIS*

When, in 1895, Roentgen discovered the new

rays that penetrated soUd bodies opacine to l^h

372

that are iustly celebrated. These Laue expert in

ontcal theory, explained as difiractron effect

n?o u ed on 'short waves by a three-dimensK-na

nre=reTtr r^^hat.th^y^^^^^^^^

of tZZZe. The argument at the basis of one

of W tests was that a substance which in con-

tLoustl IS transparent will, in POwder o™

allow httle light to pass, on '«='=°"'^*, °L*1L He
tion and reflection effected by ^^^^ partick He

therefore compared the passage of his AiaAS

h ougl a slab of rock salt and through an equal

m^ of the same substance finely powdered and

found no difference of behaviour No doubt he

woTed with the normal wide beam from his tube

,f only he had used a narrow beam, he m ght,

acute observer as he was, even with his weak tube

have discovered the diffraction of the rays by the

prvstal and by the powder method.

The dlcovery of course, created a sensation

and the nature 'o'f the rays was discussed at grea^

knsth George Gabriel Stokes, then seventy-six

years old ma letter written a few months after

L discovery, correctly conjectured that they wei.

''transverse vibrations of extreme frequency. A

little later he put forward the theory that they

were a narrow pulse propagated m the ether as a

Tult of the sudden stoppage of the e ecti^n and

J J. Thompson took up and developed this con

cept Barkla, by considering the scattermg of lavs

hemselves scattered from the primary beam,

howed that X-rays had Polanzation prop^'ties.

Haga and Wind, to test the wave natuie ot the

Tays, tried to diffract them by passing them through

an extremely narrow wedge-shaped slit and be

heved that they had found wave fects close to the

end Others had carried out similar diffraction ex-

periments. These were naturally much discussed,

^h general conclusion being that if --- ^^^

-

question, their length must be of the order of 10

"'orthT other hand the rays had certain paiiide

properties, as demonstrated in particiilar by \\ .
H^

Bragg who beheved them, on good evidence to

consisi of doublets of positive and negative elec

tricity. The implications of the quantum theoo

of radiation, which requires the coexistence of both

particle and wave properties, were not recognized

in those days. . • , ^-p

In 1912, then, as a result of sixteen years ot

intensive work there was much debate, but no

certain conclusions, as to the nature of ^"jays. in

that year it occurred to Max von Laue that the

conjectured wavelength of X-rays was shorter

than the distance between the regularly spaced

atoms m crystals, and that therefore their passage

through crystals should produce diffraction_ effects.

As is well known, he suggested to Friedrich and

Knipping that they should attempt to establish

such effects experimentally. With appropriate crys-

tals and disposition they finally obtamed the

beautiful_s^m^^

*An editorial from Endeavor 21, 123 (Oct.,

1962), reproduced by permission.

produced on short waves by „ -- -

grating. This was convmcmg proof of the wa^ e

nature of X-rays and of their interaction with

^^if^^^^rSy that what first directed I^ue^

attention to crystals was a question b> ^. ^.S then a young man of twenty-four concem-

ir.ff a Droblem m crystal optics on which he wa.

^^'rklng Ewald was later responsible for outstand-

Tg advances m the subject of X-ray crystallogra-

phv and was chief org-mzer and President of the

Commemoration Meetmg held by the Interna

"union of Crystallography this summer a

Munich to celebrate fifty years of X-iay dittiac

''Taue had established that crystals could demon-

.tm?e the nature of X-rays, but it does not seem

o have occurred to him that X-rays couki be

u^ed to investigate the structure of crj'stals. A\ •

H Bragg, then professor at Leeds, had carried

fut mut-h important work on the ionization pro-

duced by characteristic X-rays and was an e^pe^^^

at handling both the not very tractable X-iay

ubes of the period and tl- ionization charnbei.

His son, W. L. Bragg, twenty-two years old at the

time o the Laue discovery, happened to be

n"erested in crystal structure, an unusiial concern

lor a voung physicist in those days. The younger

Bragg" conceived the fundamental notion of the

feflSion of X-rays of a given --length from

parallel crystal planes rich m atoms. H fa hei

developed the X-ray spectrometer, with ^^hlch

Z mt'ensity of the reflected rays was measmed

bv an ionization chamber. In the years 1913 and

1914, working together and separately, father and

son aid the foundations of the study of crystal

structure bv X-rays. W. L. Bragg worked out the

crystal structure of simple examples such as sodium

chloride, zinc blende, and iron pyrites; together

thev solved the then difficult problem of the

structure of diamond. The way was shown.
"
Other great discoveries came in those two years.

C G Darwin showed the important part played

bv imperfections of crystal structure, a generality

which today finds expression in the
_

dislocations

that are so much invoked in connection ^vlth the

mechanical properties of metals. H. G. Moseley

examined systematically by the Bragg method

with photographic recording the X-ray spectra o

the elements and estabhshed the fundamental

importance of the atomic number. Bohr put tor-

ward his epoch-making quantum theory of spectra.

Then came World War I.
•, , ^

After the war, the study of crystal structure

developed with great rapidity, with many_ new

techniques. For instance, the method of usmg a

finely powdered crystal, worked out by Debye and

Scherrer during the war and developed independ-

ently bv Hull, found important apphcation, and

later came the method of reflecting the rays back

from the surface, extensively used for investigating

metals. Until recent times the photographic

method, which can be made an effective record

of intensity, was almost exclusively used, ine
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electron density on the different planes was meas-

ured from reflection records and from it a Fourier

synthesis constructed: elaborate development of

Fourier methods, first adumbrated by W. H.

Bragg, is a feature of some of the most striking

modern work. While the older methods have a cer-

tain resemblance to the jig-saw puzzle method of

making a map, the new methods may be likened

to a trigonometrical survey.

The research school of W. L. Bragg at Man-
chester after World War I was occupied with

the structure of inorganic crystals of increasing

complexity, exemplified by the sihcates, and here

Bradley achieved great things with metals and

alloys, on which pioneering work was also carried

out in Sweden. Meanwhile W. H. Bragg's school

at University College, London, led the way in the

investigation of the structure of organic crystals of

familiar type, such as anthracene. This organic

work was afterwards continued by W. H. Bragg

and his school at the Royal Institution, where such

figures as Kathleen Lonsdale, Desmond Bernal,

and Wilham Astbury developed their powers. The

structure of long-chain compounds and fatty acids

was, for instance, investigated.

This fruitful attack on the structural problems

of organic chemistry was, in a way, a natural

sequel to the investigation of inorganic crystals.

Less to be anticipated, perhaps, was the success

of the method with products of the living body,

such as hair, horn, and wool. Astbury's work at

Leeds was occupied with the structure of such

substances, particularly wool, under varied condi-

tions of humidity and temperature, problems

which he solved in terms of the folding and un-

folding of polypeptide chains. This was a begin-

ning of the application of the method to funda-

mental biological questions. Brief reference has

already been made to the X-ray study of metals,

which has had most important results both for

science and industry.

The most astonishing development of the X-
ray method since World War II has been the at-

tack on the structure of some of the giant mole-

cules with which the biologist is concerned. The
determination of the structure of vitamin Bn2

,

which is an asymmetric molecule of six elements

and 177 atoms, by Dorothy Hodgkin was a task

of extraordinary difficulty, the success of which

was mainly due to X-ray analysis. Even more as-

tonishing, perhaps, is what has been achieved by
Perutz and Kendrew, applying the latest methods

to such substances as the proteins, the number of

atoms in which is of the order of 10,000. Hemo-
globin and deoxyribonucleic acid has been struc-

turally analyzed bj^ Crick and Watson and much
has been done on the structure of muscle. The
methods used involve a narrow incident beam and
ionization measurement of the diffraction, so that

we can say, in a sense, that the old X-ray spec-

trometer has come to its own again, but in three

dimensions, and with such adjuncts as extraordi-

nary sensitivity and automatic adjustment and
registration.

It is a long journey from the table full of ap-

paratus and the slide rule that were concerned in

the pioneering discoveries to the stage represented

by formidable modern X-ray installations; by
such recent books as Computing Methods and the

Phase Problem in X-ray Crystal Analysis; and by
periodicals such as Acta Crystallographica. To-
day's towering models of protein molecules seem
to the little sphere-and-rod inorganic models of

forty years ago as the thirty-story hotel and office

blocks of today, with their carefully dispersed

units held together by subtleties of structure, to

small but well-built suburban houses which like-

wise comprise doors, windows and a roof. The
clicking of the calculating machine has replaced

the soft sound of the scribbling pen, the inter-

minable lengths of punched paper the table of

logarithms. But the spirit of discover}^ that ani-

mates the young research workers of today, en-

gaged, for instance, on some detail of these highly

complex proteins, is no less active than, and is of

the same kind as, that which drove their fore-

runners to reveal the structures of rock salt and
anthracene.

FILM DEPTH AND PARTICLE SIZE IN X-RAY FLUORESCENCE

ANALYSIS

The influences of sample depth or of particle

size in X-ray fluorescence, although having dif-

ferent physical aspects, produce a common effect

—

absorption loss within the sample. That the fluo-

rescence emitted from the sample surface becomes

less per unit of mass as the depth increases or as

the size of irregularities at or near the surface in-

creases is a well-known phenomenon. Measures

often are taken either to overcome or to compen-

sate for depth or particle size effects in the analy-

sis of varied substances.

Depth Effect. Elimination of the depth effect,

or at least reduction of the sample absorption loss

to a level where it no longer is detectable, is pre-

dictable from theory and accomplished practicallj^

by the use of ultrathin films or deposits."' ^' ^ If a

substrate or support for a deposit is used it also

must exhibit negligible absorption. Supports such

as Du Pont "Mylar," filter paper, or other low

atomic number substances are useful. Through the

use of these supports it is practical for anah^tical

apphcation to establish the concentration range

over which intensity is a true linear function of

the amount of the element and to utilize a sam-
ple preparation which provides the highest sensi-

tivity.

Assume that a thin, uniform film deposit is ir-

radiated b}'' an X-ray beam and that a charac-

teristic fluorescent line of an element is thereby

excited. The intensity, I, of the fluorescent fine

from a minute element of volume in the deposit

having a depth, dx, is given by the following ex-

pression :

dl = C esc (f>iIo exp [- (mi CSC 4>i + fn esc 02) px] dx

where
C is a proportionality constant

;

7o is the incident intensity;
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Fig. 1. Relationship of fluorescent intensity of

FeKa to concentration of iron. Ferric chloride.

01 is the angle between the incident beam and

the sample surface

;

02 is the angle between the emergent beam and

the sample surface

;

fii is the effective absorption coefficient of the

incident beam

;

/X2 is the effective absorption coefficient of the

emergent beam

;

p is the sample density;

and
X is the sample thickness.

If the sample deposit is kept very thm, the ab-

sorption of X-rays by it will be very small or

practically zero. This signifies that the exponential

term of the foregoing equation approximates a

value of unity, or

dl = C CSC 0i7„ (Lr

Incrementally, one may write

Al = C CSC 0i7oA.r

For a constant deposit area,

AN ~ Ax

where N is the number of atoms of the element

in the deposit which emit fluorescence. Hence

A7 = C CSC 0i/oAiV

.

Thus, in the region of limited thickness, the physi-

cal significance of this expression is that a direct

linear proportionality between concentration and

intensity will be observed. As long as sample ab-

sorption is negligible, this proportionality wdll be

maintained.

Figure 1 exhibits the measurement of iron de-

posited by evaporation from aqueous ferric chlo-

ride onto an approximate area of 2 sq cm using

"Mylar" as the support. Intensity (counts/second)

is linear with concentration (micrograms) up to

IOO7. Then the sensitivity, indicated at three

points on the curve, decreases toward a value at

which further increase in sample depth produces

no change in intensity. The first derivative of this

curve may thus indicate the sensitivitv at points

along it and its second derivative the rate of

change in sensitivity.

Similar measurements made on aqueous de-

posits of other elements indicate the manner in

which the intensity of each is affected by depth.

The linear sensitivity, upper concentration limit

of linearity, and concentration for maximum
change in sensitivity are obtained by such meas-

urements.

Sensitivity

CPS 7"'
Linearity Limit,

1

Maximum
Sens. Change,

CPS 7"-

Ca (20) 0.7 400 —
Ti (22) 5.9 100 200

Fe (26) 60 100 250

Cu (29) 63 100 300

Sr (38) 4.9 1,000 2,500

Mo (42) 1.4 > 20,000

The sensiti\-ity of the detector, absorption by

the nonmetallic components in the deposit, op-

tical geometry, fluorescent yield, and distribution

of energies in the primary excitation spectrum are

factors which account for the marked differences

between elements shown by these data. The upper

limit of sensitivity and point of maximum change

tend to increase with the atomic number of the

element.

Measurements of transmittance of X-rays

through film deposits reveal instructive informa-

tion on the effects of sample absorption, even
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Fig. 2. Effect of particle size on Ka fluorescent

intensity of metals.
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Fig. 3. Idealized concept of shielding by large particles.

though unevenness of the solution deposits may
at times reduce the precision of such measure-

ments. These are made at wavelengths on either

side of the absorption edge of the element under

inspection. The transmittance through the deposit

remains essentially constant over a range of in-

creasing sample depths until a point is reached

where a detectable drop in transmittance occurs.

This point is approximately coincident with the

upper linearity limit of the fluorescent measure-

ment and thus is a confirmation of the require-

ment that sample absorption must be neghgible

for linearity in measurement to prevail.

Particle Size Effect. The effect of particle size

in reducing the fluorescent intensity from sohd

samples may be practically ehminated by grind-

ing to a point where no further gain in intensity is

achieved or compensated by using standards hav-

ing the same particle size distribution as the un-

known.^ In neither case is a quantitative estimate

of the actual influence of size on intensity pro-

vided. Careful segregation of particle sizes and

fluorescent measurement of the segregates provide

exact information on the particle effect in se-

lected substances of interest.*

Figure 2 shows marked differences in the effect

which particle size exhibits in different elements

or compounds. For example, a 50-micron size de-

creases the Ka relative intensity of iron, copper,

germanium, and molybdenum by 40, 30, 10, and

zero per cent in the respective substances shown.

The amount of reduction is influenced by the ab-

sorption loss in the samples and this is largely

determined by its absorption coefficient for the

entering excitation and emerging fluorescent X-
rays. It has generally been found that the particle

size effect is minor or negligible for higher atomic

number elements m^easured in silica or alumina

base catalysts because of the low absorption loss

in them.
An idealized concept of the manner in which

particles cause absorption loss by shielding is

shown in Fig. 3. The fluorescence generated by
the incident beam h at Pi , P- , Ps emerges from
the sample and is emitted in the Y direction for

detection. That generated at Pi is absorbed within

the particle and hence does not emerge. As the

particle size is reduced this loss is lessened. Maxi-
mum emission will be approached where the par-

ticle dimension is commensurate with the pene-

tration and absorption depths of the incident and
emergent beams. This, of course, will be highly

dependent on the elemental composition of the

sample.

References

1. Adler, I., and Axelrod, J. M., Spectrochim. Acta
7,91 (1955)

2. Gunn, E. L., Anal. Chern. 33, 921 (1961)

3. Liebhafsky, H. A., Pfeiffer, H. G., Winslow,
E. H., and Zemany, P. D., "X-Rscy^ Absorp-
tion and Emission in Analytical Chemistry,"
New York, John Wiley & Sons, Inc., 1960.

4. Mueller, W. M., "Advances in X-ray Analysis,"

Vol. 4, p. 382, Denver Research Institute,

New York, Plenum Press, Inc., 1960.

5. Rhodin, T. N., Jr., Anal. Chem. 27, 1857 (1955)
E. L. Guxx

FILM,* X-RAY

Films for general radiography are composed of

an emulsion—gelatin containing a silver hahde

—

and a transparent, blue-tinted, cellulose derivative

base. Most commonly, the emulsion is coated on

both sides of the base in layers about 0.001 in.

thick, to provide maximum speed and contrast in

the film, and to allow developing, fixing, and dry-

ing in the shortest possible time (Fig. 1). Certain

films for specialized purposes resemble conven-

tional photographic films, in that thev have emul-

sion on one side of the base only.

The emulsion is very sensitive to radiation and.

when X-rays, gamma rays, or light strike it, a

change takes place in its physical structure. This

change cannot be detected by ordinary physical

methods. However, when the exposed film is

treated with solutions of certain reducing agents

(called ''developers"), a reaction takes place,

causing the formation of tiny granules of black,

metallic silver. It is this silver, suspended in the

gelatin on both sides of the base, which constitutes

the image.

Classes of X-ray Films. The general classes of

X-ray films are described in this section. Manu-
facturers of film should be consulted about the

properties of their particular products.

Medical X-ray Films. Screen Tijpe Films. The

* Parts of this article have been reproduced from
"Radiography in Modern Industry" (2nd edition,

1957) and "Sensitometric Properties of X-ray
Films" (1962) through the courtesy of the East-

man Kodak Company.
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Fig. 1. Photomicrograph (XlOO) of a cross sec-

tion of a radiographic film, showing the coatmg of

sensitive emulsion on both sides of the base. Inset

(X500) shows silver halide grains in the emulsion.

most common type of medical X-raj' film is de-

signed for exposure between fluorescent intensify-

ing screens. These screens emit blue and ultra-

violet radiation under the action of X-rays and

permit exposures to be reduced to 1/15 to 1/60

of that which would be required without them.

Screen type films, therefore, are coated on both

sides of the base with an emulsion that is ex-

tremely sensitive to blue and ultraviolet radia-

tion. The emulsion is also moderately sensitive to

the direct action of X-radiation.

Direct-Exposure Type. Some medical X-ray

films are designed only for exposure to direct X-

rays. These films have relatively thick emulsion

layers containing a high concentration of silver

halide, both features being for the sake of in-

creased speed.

Dental X-ray Films. Dental X-ray films are

usually emulsion-coated on both sides of the base,

and are of low or moderate speed to direct X-

rays. In general, they are rather similar to slow-

or moderate-speed industrial X-ray films. Dental

films are supplied in hghtproof and moisture-re-

sistant packets.

Industrial X-ray Films. Most industrial X-ray

films are either exposed to direct X-rays or are

sandwiched between lead foils (lead foil screens)

a few thousandths of an inch thick. In this latter

case a large part of the exposure may come from

electrons emitted by the lead foil under the action

of X-rays or gamma rays. Films covering a wide

range of speeds are commercially available; be-

cause of their finer grain, the slower films permit

the detection of smaller and fainter structures

within the object radiographed. Industrial X-ray

films usually have emulsion on both sides of the

base, though single-coated films are available for

use when parallax between the images in two

376

emulsion lavers would be a problem. The faster

tvpes of industrial X-ray film are usually used m
X-rav diffraction work. A small percentage of in-

dustrial radiography is performed with the film

sandwiched between fluorescent mtensifymg

screens. Industrial X-ray films for this apphcation

are very similar to screen-type medical X-ray

films.
, . r

Radiation-Monitoring Films. The properties of

these films resemble, m general, those of indus-

trial X-rav films. The films are available m paper

packets similar to dental X-ray film packets. Some

radiation-monitoring films have a fast emulsion

on one side of the base and a slow emulsion on

the other. If a density too high to be read is ob-

tained on the fast emulsion, it may be removed

and the densitv of the slow emulsion alone meas-

ured For the same purpose of extending the range

of dosages that can be recorded, some monitonng-

film packets contain a fast film and a slow film.

The fast film is used to measure the low dosages

usuallv encountered, and the slow one is avail-

able for the determination of the large dosages

occasionallv encountered

.

Photoradiographic Films and Cinefluoro-

graphic Films. These films have emulsion on one

side only, and resemble conventional still- or

motion-picture-camera films. They are used to

photograph the image appearing on a fluorescent

screen or the display of an X-ray-image-mtensify-

ing device. In contradistinction to other films used

in radiographv, cinefluorographic and photoradio-

graphic films "may be sensitive to the green and

red portions of the spectrum as well as to the

blue and ultraviolet.

Microradiographic Films and Plates. In mi-

croradiography, a small, low absorption specimen

is radiographed on a relatively fine-grained, high-

contrast material and the resulting image is opti-

cally enlarged for examination. Photographic ma-

terials used range from the slowest industrial

X-ray films (permitting an enlargement of a few

diameters) to extremely slow, very high resolution

plates and films (permitting enlargements of sev-

eral hundred diameters). In general, special ma-

terials are not manufactured for microradiogra-

phy; instead, films and plates manufactured for

other purposes, which show suitable properties,

are used.

Sensitometric Properties of X-ray Films. The

study of the relationships between exposure and

processing conditions on the one hand and film

response on the other is known as sensitometry ..

Some of the important sensitometric properties of

X-ray films are briefly outlined in this section.

Photographic Density. The action of radia-

tion—visible or X-ray—on a film becomes ap-

parent only in the varying degrees of "blacken-

ing" in the processed film. Photographic density

refers to the quantitative measure of film blacken-

ing. Where no danger of confusion exists, photo-

graphic density is usually spoken of merely as

density. Density is defined by the equation D =

log (lo/It), where D is density, h is the light in-

tensity incident on a particular area of a processed

film, and It is the fight intensity transmitted.
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Note that the quantity {h/U) in the formula is

the reciprocal of {h/h), the fraction of the inci-

dent light transmitted by the processed film, or

the transmitiance of the film.

Since density is a logarithm, a certain increase

in density will always correspond to the same

percentage decrease in transmittance. For exam-

ple, an increase in density of 0.3 reduces the hght

transmitted by a processed film to one-half its

former value; a change of 1.0 in density indicates

a change in hght transmission by a factor of 10.

The form of the mathematical definition of

density means, in effect, that there are no "units"

of density. In this respect density is similar to a

number of other physical quantities; for example,

pH, specific gravity, and atomic weight.

The Characteristic Curve, The commonest,^ as

well as the most convenient and most instructive,

method of representing the response of a film to

hght or X-rays is by means of the characteristic

curve (Fig. 2). This curve is sometimes referred

to as the sensitometric curve or the H and D
curve, after Hurter and Driffield, who, in 1890,

first used it. It expresses the relationship between

the logarithm of the exposure (horizontal axis)

and the resulting density (vertical axis).

Characteristic curves are obtained by giving a

film a series of known exposures, and then plot-

ting density against logarithm of exposure or

logarithm of relative exposure. In radiography,

the ratios of exposures are usually more signifi-

cant than the absolute values of the exposures

themselves. Therefore it is usually sufiicient—and

always more convenient—to express the exposures

to the film in terms of some particular exposure,

thus giving a relative scale.

For all practical purposes, the shape of the

characteristic curve for a particular X-ray film

(of any type) is independent of the kilovoltage

(or quality or wavelength distribution) of the

X-rays used in the exposure.

For screen type medical X-ray films, however,

the shape of the curve may depend upon the fluo-

rescent material used in the screens, since dif-

ferent fluorescent materials may emit different

proportions of visible and ultraviolet radiations.

Therefore, a change from intensifying screens of

one fluorescent material to those of another may
produce a small change in the relative speeds and

characteristic-curve shapes of films of different

types.

Characteristic curves of two typical X-ray films

are shown in Fig. 2. Curve A is for a typical

screen type medical X-ray film exposed between

fluorescent intensifying screens; Curve B is repre-

sentative of the curve shapes of industrial X-ray

films and direct-exposure medical films.

Contrast. As can be seen in Fig. 2, the slope, or

steepness, of Curve A at first increases with in-

creasing density (the toe); then, in the middle

range of densities, becomes fairly straight; and

finally, at higher densities, the slope decreases as

density increases (the shoulder). Curve B in-

creases in slope continuously along its whole

length; the shoulders of the curves for industrial

X-ray films, and of the direct-exposure type of

Log relative exposure

05 10 L5_

Qo 10 15 2 1^3

Log relative exposure

Fig. 2. Characteristic curves of two typical ra-

diographic films. Curve A (left), typical screen-

type medical X-ray film exposed between fluores-

cent intensifying screens. Curve B (right), typical

industrial X-ray film, used for exposures to direct

X-rays, or with lead foil screens.

medical X-ray films, come at densities far above

4.0, much higher than can be viewed on availa-

ble illuminators.

Changes in the slope of the characteristic curve

have a definite relationship to the visibihty of de-

tails in the radiograph. For example, two slightly

different thicknesses in the subject will transmit

shghtly different exposures to the film. The ex-

posures will have a certain ratio, i.e., will have a

certain log exposure difference between them. This

ratio—and hence the log exposure difference-

will be fixed if the kilovoltage remains un-

changed, despite any changes in exposure time,

milhamperage, or focus-film distance.

The difference in densities corresponding to the

two exposures, and hence the visibility of the de-

tail they represent, will depend upon just where

on the characteristic curve they fall; the steeper

the curve, the greater will be the density differ-

ence. This, for example, means that a certain log

exposure interval in the middle of Curve A of

Fig. 2 will correspond to a greater density dif-

ference than the same interval at either end. This

is demonstrated in Fig. 3. Consider two slightly

different thicknesses in a subject, and assume

that, at a certain kilovoltage, the thinner section

transmits 20 per cent more radiation than the

thicker. The difference in logarithm of relative

exposure (A log E) is 0.08 and is independent of

the milhamperage, exposure time, or focus-film

distance. If this subject is radiographed with an

exposure that puts the developed densities on the

toe of the characteristic curve, the X-ray inten-

sitv difference of 20 per cent may be represented



FILM, X-RAY 378

10 1,5 2

Log relative exposure

Fig. 3. Characteristic curve of a tyincul^ screen-

type medical X-ray film. The density differences

for a 20 per cent difference in exposure have been

evaluated for two points on tl)e chai ad eristic

curve.

by a density difference of 0.04, corrcs])on(linji to

a difference in light transmission of 10 per cent.

If the exposure is such that the densities fall on

the steepest part of the curve, the 20 per cent in-

tensity difference results in a density difference

of 0.31 (or a difference in light transmission of 104

per cent )

.

In general then, if the gradient of the charac-

teristic curve is greater than 1.0, the intensity

ratios, or subject contrasts, of the radiation

emerging from the subject are exaggerated in the

brightness ratios of the radiograph, and the higher

the gradient, the greater is the degree of exag-

geration. Thus, at densities for which the gradient

is greater than 1.0, the film acts as a "contrast

amplifier." Similarly, if the gradient is less than

1.0, the subject contrasts are less apparent in the

radiographic reproduction.

It is often useful to have a single number to

indicate the contrast property of a film. This need

is met by a cmantity known as the average gradi-

ent (tan d in Fig. 2), defined as the slope of a

straight line joining two points of specified densi-

ties on the characteristic curve. In particular, the

specified densities between which the straight line

is drawn may be the maximum and minimum use-

ful densities under practical conditions. The aver-

age gradient, then, will indicate the average con-

trast properties of the film over this useful range.

For a given film and developing technique, the

average gradient will, of course, depend upon the

density range chosen. The net density* range of

0.25 to 2.00 is often used for the determination of

* Net density is the density above base density
and fog. Normally, net density is that density pro-

duced by the exposure.

the average gradient of medical X-ray films. In-

dustrial radiographs are usually exposed to higher

densities, and the gradient of industrial X-ray

films is often determined over the net density

range of 0.50 to 2.50.

Speed. It has been shown that the contrast prop-

erties of a film are indicated by the shape of the

characteristic curve. Another value, which can be

obtained from the characteristic curve, is the speed

or the sensitivity of the film to radiation. It is in-

dicated by the location of the curve along the ex-

posure axis. Speeds of radiographic films are usu-

alb' given as inversely proportional to the exposure

(or relative exposure) required to reach a certain

density.

In a group of characteristic curves, those for the

faster films will he toward the left of the dia-

gram, in the region of smaller values of logarithm

of relative exposure, or, phrased differently, in the

region where a smaller exposure is needed to pro-

duce a certain density. Conversely, the curves for

the slower films will lie toward the right of the

diagram in the region where the relative expo-

sure, or its logarithm, is large. From such a dia-

gram, relative exposures to produce a fixed den-

sity can be read off, and the relative speeds will

be inversely proportional to these exposures. In

Fig. 4 the characteristic curve for Film C lies to

the left of that for Film D, indicating that Film C
IS the faster. The separation between the two

cur\es is a measure of the speed difference.

For medical X-ray films, a density of 1.00 above

the density of the base plus fog, i.e., a net density

of 1.00, has been found a suitable density at which

to compute film speeds. The speeds of industrial

X-ray films are usually determined at a density of

1.50 above base plus fog, reflecting the higher

average density of industrial radiographs. Al-
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Fig. 4. Characteristic curves of two typical

medical X-ray films, one (C) being faster than the

other (D). ('Exposures made between fluorescent

intensifying screens.)
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though net densities of 1.00 or 1.50 are usually the

values used in standards, specifications, and the

like, other densities may be used to suit the con-

ditions of a particular problem.

Reciprocity-Law Failure. The Bunsen-Roscoe

reciprocity law states that the resultant of a

photochemical reaction is dependent only on the

product (7 X t) of the radiation intensity (/) and

the duration of the exposure (t), and is independ-

ent of the absolute values of either quantity. Ap-

plied to radiography, this would mean that the

developed density in a film would depend only on

the product of the radiation intensity reaching the

film and the time of exposure.

The reciprocity law is valid for direct X-ray or

gamma-ray exposures, or those made with lead

foil screens, over a range of radiation intensities

and exposure times much greater than those nor-

mally used in practice.

For exposures to hght, the reciprocity law is not

Cjuite accurate. Since most medical radiographic

exposures are made with hght by the use of fluo-

rescent intensifying screens, the law cannot be

strictly applied to such exposures. However, errors

in exposure calculations in routine diagnostic ra-

diography due to assuming the validity of the

reciprocity law, are so small that they are usually

not significant. If, however, the tube current or

exposure time is changed by more than a factor of

about 8, or if the focus-film distance is changed

by more than a factor of about 3, the departures

may be apparent. In this latter case, failure of the

reciprocity law may sometimes seem to be a vio-

lation of the inverse-sciuare law.

Film Graininess and Quantum (Statistical)

Mottle. Direct X-ray or Lead Foil Screen Expo-
sures. The image on an X-ray film is formed by
countless minute silver grains, the individual par-

ticles being so small as to be visible only under

a microscope. However, these small particles

group together in relatively large masses. This

"clumping" which is c^uite visible to the naked
eye or with a magnification of only a few diam-

eters, produces the visual impression which is

called graininess.

All films exhibit graininess to a greater or lesser

degree. In general, it may be said that the slower

films have less graininess than the faster. Further,

the graininess of all films increases as the pene-

tration of the radiation increases, although the

rate of increase may be different for different

films.

Graininess is also affected by processing condi-

tions, being directly related to the degree of de-

velopment. For instance, if development time is

increased for the purpose of increasing film speed,

the graininess of the resulting image is likewise in-

creased. Conversely, a developer or developing

technique which gives an appreciable decrease in

graininess will also give an appreciable loss in film

speed.

Fluorescent screen exposures. The silver deposit

in films exposed with fluorescent intensifying

screens often exhibits an irregularity larger in

"scale" than the film graininess itself. This ir-

regularity, or quantum mottle, arises from the fact

1000

800
O 600

z 1 1 1 : 1 i
i 1 1

-
1 1 M 1 1 J ii 1

-

_ —
- ~

_ -

"

Heovy
filtration J

/

.;

-

\J-
/ Light

/ filtration

/

/

/
/

/ _

i 1 1 1 I 1 li
\ ! M ! ! Ml 1

40 60 100 200

Kilovolts peak

400 600 1000 2000

Fig. 5. Direct X-ray spectral sensitivity curve

for a typical film used in radiation monitoring,

showing the number of roentgens reciuired to pro-

duce a net density of 1.0 for various radiation

qualities.

that modern screen-film combinations may be so

"fast" that relatively few quanta need be absorbed

in a small area of the fluorescent screen to pro-

duce a useful density in the processed film. The
actual statistical fluctuations in this small number
of absorbed quanta, from one minute area of the

screen to another, gives rise to the density fluctua-

tions observed on the processed film. This effect

is also marked on cinefluorographic exposures

made with image amplifiers, the high gain of

which greatb^ reduces the number of X-ray quanta

required to produce an image and so increases

statistical fluctuations.

X-ray Spectral Sensitivity. As has been pointed

out, the shape of the characteristic curve of an

X-ray film is unaffected, for practical purposes,

by the quality of the X-rays or gamma rays to

which the film is exposed. However, the sensitivity

of the film, in terms of the number of roentgens

required to produce a given density, is strongly

affected by the radiation energy or quality.

The spectral sensitivity of a film, or differences

in spectral sensitivity'' between two films, need

rarely be considered in radiography. However, the

spectral sensitivity of a film is ver.v important in

radiation monitoring, since an evaluation of the

number of roentgens is required.

Figure 5 indicates the number of roentgens

needed to produce a net density of 1.0 on a typi-

cal film used for radiation monitoring, developed

for 5 minutes in an X-ray developer at 68°F. Note

that Fig. 5 apphes only to film exposed directly to

X-rays. The spectral sensitivity of a film-screen

combination will depend strongly on the proper-

ties of the particular fluorescent or lead foil screens

used.

Figure 5 does not imply any change in the

shape of the characteristic curve as radiation

quality is changed. The shape of the direct X-ray

characteristic curve is, for all practical purpo.ses,

independent of X-ray wavelength. Figure 5 does

indicate, however, that the characteristic curve

moves with respect to the log exposure (log roent-
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gens) axis as wavelength is changed. The descend-

ing portions of the curves of Fig. 5 indicate that

the film is "speeding up" with increase in kilo-

voltage, i.e., the characteristic curve is moving

bodily to the left on the log exposure axis. Con-

versely, the ascending portions indicate that the

film is ''slowing down" as kilovoltage is further

increased and that the characteristic curve is

moving to the right on the log exposure axis. The

direct X-ray spectral sensitivity curves for all X-

ray films have roughly the same general features

as the curves of Fig. 5. Details, among them the

ratio of maximum to minimum sensitivity, differ

from film to film, however.

Processing. In the processing procedure, the

invisible latent image produced in the film by

exposure to X-rays, gamma rays, or light is made
visible and permanent. Processing is carried on

under subdued light, of a color to which the film

is relatively insensitive. The film is first im-

mersed in a developer solution which causes those

silver hahde grains containing a latent image to

be reduced to black metalhc silver. Thus, the

areas exposed to radiation become dark, the

amount of darkening for a given degree of de-

velopment depending upon the degree of expo-

sure. After development, the film is rinsed, pref-

erably in an acid bath, to stop development. The

film is next put into a fixing bath which dissolves

the undeveloped silver hahde, and then is washed

to remove the fixing chemicals and solubilized

salts.

There are two methods of processing sheet ra-

diographic films, the mechanical and the manual.

In the first method, the film is treated in an auto-

matic processing unit, in which the processing

cycle, including drying, is carried out mechani-

cally. The transfer of the films from one solution

to the next is automatic. The important feature

of mechanical processing is that the radiograph i.s

ready for viewing within only 6 or 7 minutes.

The second method utilizes a series of tanks.

The operator manually moves the films—which

have been attached to individual hangers—from

one tank to the next at the proper time interval.

In this system, deep vertical tanks containing the

developer, rinse bath, and fixer are set in a master

tank. In some cases this master tank is used for

washing; in others, separate washing tanks are

provided. The temperature of the water in the

master tank is controlled by a thermostatic or

manual mixing valve in the water supply. This,

in turn, controls the temperature of the processing

solutions.

Manufacturers of films and of processing chemi-

cals should be consulted for specific recommenda-
tions on details of processing.

Development. Both the speed and the contrast

of a film increase as the development time or de-

veloper temperature increases, within certain lim-

its. If, however, development is carried on too

long or at too high a temperature, the speed of

a film, as based on a certain net density, ceases to

increase and may even decrease. The fog in-

creases and contrast may decrease.

At the manufacturer's recommended develop-

ment times, film will reach the maximum speed

and contrast which can be obtained without ex-

cessive growth of fog. Carrying development much
beyond this stage would result in an actual loss

in contrast over the useful net density range and

very little gain in speed. When manual processing

cannot be done at the ideal temperature of 68°F,

compensation for developer temperatures higher

or lower than this can be made by decreasing or

increasing the development time. Time-tempera-

ture compensation calculators from which the

proper times can be obtained to keep the degree

of development constant over a wide temperature

range are available from manufacturers of films

and processing chemicals.

Fixation. The major function of the fixer is to

dissolve the silver hahde which has been unaf-

fected by the developer, and thus render the

image stable after it has been washed. The fixer

chemicals also harden the gelatin, making the

emulsion more resistant to heat and abrasion. In

general, if fixation is adequate, changes in time of

fixation have little or no effect on the sensito-

metric properties of a film. However, when fixa-

tion times are very long—as when the last film

processed is left in the fixer overnight—this may

not be true. Such prolonged immersion in a fresh

fixing bath will appreciably decrease the film den-

sity; similar treatment in an almost exhausted

fixer will tend to increase density, in general, ir-

regularly. This effect is seldom encountered, but

can be very puzzling when it is, unless the cause

is recognized.

Protection of Unprocessed Film in Storage.

Film manufactured for radiography is particu-

larlv sensitive to the action of X-rays and gamma

ray.^. Therefore, any X-ray film in storage should

be properly protected against exposure to radia-

The degree of protection necessary depends

upon various factors, such as the intensity and

penetrating power of the radiation, as well as the

total accumulation of exposure. With X-rays gen-

erated up to 200 kv, it is feasible to use storage

compartments lined with a sufficient thickness of

lead to protect the film. At higher kilovoltages,

protection becomes increasingly difficult; hence,

film should be protected not only by the radiation

barrier for the protection of personnel but also by

increased distance from the source.

Film manufacturers can supply information on

barrier thicknesses, distances from sources of ra-

diation, and maximum permissible storage times

required to protect film from accidental damage

by X-rays and gamma rays.

In packaging, most X-ray films are enclosed in

a moistureproof container which is hermetically

sealed and then boxed. As long as the seal is un-

broken, the film is protected against moisture and

fumes. Because of the deleterious effect of heat,

all film should be stored in a cool, dry place and

ordered in such quantities that the supply on hand

is renewed frequently.

Under no circumstances should opened boxes of

film be left in a chemical storage room or in any

location where there is leakage of illuminating
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gas or any other types of gases, or where there is

a possibihty of contact with formalin vapors, hy-

drogen sulfide, ammonia, or hydrogen peroxide.

Shipping of Unprocessed Film. If unprocessed

film is to be shipped, the package should be care-

fully and conspicuously labelled, indicating the

contents. This should be done in order that this

package may be segregated from any shipments

of radioactive materials travehng in the same ve-

hicle. It should be further noted that customs in-

spection of shipments crossing an international

boundary sometimes includes fluoroscopic inspec-

tion. Packages, personal baggage, and the like

containing unprocessed film should be plainly

marked, if possible, and the attention of inspectors

drawn to their contents, to avoid damage from

this cause.
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FILMS, ORIENTATION DISTRIBUTION OF CRYSTALLITES IN.

See Orientation Distribution.

FILMS, THIN: DIFFRACTION EFFECTS IN

The crystal chemistry of thin films is an area of

research which was opened up primarily by the ap-

plication of X-ray- and electron-diffraction meth-

ods. When a material is deposited as a thin film

it exhibits mechanical and physical properties dif-

ferent from those of the bulk material. Research

on thin films was of interest before because of oxi-

dation phenomena, chemical surface reactions, cor-

rosion films, and structure of polished and etched

surfaces, now a new interest has appeared. The

problem of miniaturization of electronics has been

approached by the combination of thin films and

subsized transistor elements to form "module"

building blocks. Microminiaturized electronic cir-

cuits, including switches, diodes, and triodes, can

be made from thin films to solve weight and size

problems in space vehicles, and circuits are now

made by deposition of resistors, conductors, and

capacitors.

Usually thin films are supported by a substrate,

which can be amorphous like glass, polycrystalline

like metal sheet, or monocrystalline like mica or

sodium chloride.

The nature and temperature of the substrate are

determining factors for the structure of the film if

structural characteristics are defined as the crystal

lattice, size, and orientation of the crystallites and

stresses in the film. Thin films are investigated by

reflection of an electron beam from the surface, or

if the film can be removed from the substrate, by

X-ray-transmission techniques.

The difference between X-ray- and electron-dif-

fraction effects is caused by the shallow penetra-

tion and smaller wavelength of electrons in elec-

tron-diffraction experiments. Electrons accelerated

by a field of 50,000 kv have a wavelength of 0.05A

and penetrate surfaces along a path of 10" to 10^\.

There are other instruments used to study thin

films besides electron-diffraction cameras. The elec-

tron-beam microprobe is a recent extension of the

technique of X-ray fluorescence spectroscopy to a

micron scale. When matter is bombarded by high-

energy electrons it yields a characteristic spectrum

of X-rays. The wavelength and intensity of these

X-rays provide means of qualitative and quanti-

tative analysis of the elements in the film. With

beam diameters of 1 micron or less it is possible to

achieve a minute local analysis of the elements

from sodium to uranium. Electron-diffraction tech-

niques of course lead to information about com-

pounds in the films.

The history of film formation can be divided m
two parts: Films are usually made by e^-aporation

and condensation of solids or by chemical reactions

of solid surfaces. The first technique comprises, for

example, metallic films deposited in the form of

aluminum electrodes on quartz oscillator crystals

or by epitaxial growth of alkali halide.^. Epitaxy

is the oriented growth of a film on a monocrystal-

line substrate. Individual clusters of film atoms
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ELECTRO POLISHED ETCHED

SINGLE CRYSTAL SPOTS
ELONGATED BY REFRACTION,
LENGTH OF SPOT DETERMINED
BY SMOOTHNESS OF SURFACE,
SOME KIKUCHI LINES.
COPPER. ALUMINUM.

DIFFUSE RINGS, KIKUCHI
LINES ABSENT, DEFORM-
ATION. GOLD, ALUMINUM.

ROUND SINGLE CRYSTAL
SPOTS, SHARP KIKUCHI
LINES. QUARTZ, BARIUM
TITANATE.

Fig. 1. Electron diffiartion of polished and etched surfaces.

align themselves on the substrate, resulting in a

monocrystalline film or oriented film growth.

The second type of film formation occurs ni all

corrosion and oxidation processes but also com-

prises electrolytically deposited layers.

There is a third type of "thin film" formed if

surfaces are mechanically worked, that is, ground.

machined, or polished. Here, again, electron-dif-

fraction experiments on surfaces arc used to in-

vestigate the structure of the "film."

Three types of diagrams can be distinguished in

electron-diffraction experiments, depending on the

structure of the object and the path of the incident

beam. These are: Kikuchi, Laue, and powder line

patterns. Reflections of electrons occur under

small incident angles and are therefore affected l)y

the roughness of the surface. Smooth surfaces form

reflection diagrams, whereas peaks and uneven sur-

faces lead to transmission diagrams. The diffracted

radiation can be observed as spots, Debye-Scherrer

circles, and diffuse halos as in X-ray-diffraction

diagrams. Line broadening in electron-diffraction

diagrams is caused by much smaller crystallites

than in X-ray-diffraction experiments. Line broad-

ening by electrons, bs , is proportional to X/ciystal

size, whereas line broadening by X-rays, hx , equals

X0.89/crystal size X cos 6' (X = wavelength of the

radiation and d = diffraction angle).

Kikuchi diagrams occur on reflection or trans-

mission photographs of monocrystaUine surfaces.

Their appearance is sensitively altered by small

distortions of the atomic lattice, stresses, high con-

centration of randomly distributed lattice defects

(Fig. 1), and impurity films like oil layers on the

surface. Kikuchi lines are produced by electrons

entering the crystal and subsequently being scat-

tered in various directions. Some of the scattered

electrons go in exactly the direction to be reflected

from some lattice planes. Sharp Kikuchi lines indi-

cate clean surfaces with well-oriented surface

atoms. Electron-diffraction diagrams of shghtly

deformed surfaces show diffuse Kikuchi lines or ab-

sence of the phenomenon. Very freciuently a Laue

point diagram (monocrystalline spots) is superim-

posed on the Kikuchi-line diagram. The distribu-

tion of the points in the photograph is indicative of

lattice defects, dislocations, and existence of crys-

tallites of different orientation in the film. Flat

monocrystalline surfaces or surfaces with roughness

waves below 10° show tails m the point diagram

(Fig. 1, left field).

Brittle crystals—for example, most of the ionic

cix-stals and homeoi)olar crystals—usually show

bf>tter developed Kikuhci diagrams than metals

which are easily plastically deformed. The effect of

l)olishing and etching can be seen in the schematic

drawings (Fig. 1). The center of the plate is

marked by the blackening caused by the primary

electron beam; the upper left-hand corner shows

the diffraction diagram. In reflection photographs

of this kind the lower half of the photograph is

missing because of shielding by the sample itself

(shadow edge). The upper left-hand diagram shows

the cross grating, or Laue pattern, and indication of

Kikuchi lines typical for monocrystalline surfaces.

The occurrence of a ring pattern, characteristic for

randomly oriented crystallites, in the surface is

shown in the center of the figure.

Cold Working and Polishing. Drawing, rolling,

pressing, or forging and their effects on the struc-

ture of metals can be followed by electron diffrac-

tion and electron microscopy. The deformation

processes are distributed on areas with glide lamel-

lae and with deformation bands. No appreciable

lattice distortions are detectable in the glide lamel-

lae area even after a 10 per cent traction. Sharp

Kikuchi line diagrams are obtainable. Single la-

mellae, however, are twisted against one another

by about 1°. This causes blurred Kikuchi lines at

the place of transition, that is, at the deformation

bands.

The extent of lattice destruction and the type

of electron-diffraction effects to be anticipated at

various depths after surface pohshing are illus-

treated in Fig. 2. For example, the manufacture of

high-frequency quartz-crystal oscillators requires

the cutting, grinding, etching, and plating of mono-

crystaUine quartz blanks. Stability of the oscilla-

tion frequency m the manufacture of radios re-

quires stable, clean quartz surfaces. A ground

quartz crystal surface shows an electron-diffraction

diagram similar to the one depicted in Fig. 1 (cen-



383 FILMS: DIFFRACTION EFFECTS

»i

ANGSTROMS
•^ '°° LINE BROADENING,

LARGE PLASTIC
h 1.000 DEFORMATION.

RING DIAGRAM, SMOOTH,
SHARP RINGS.

SPOTTED RINGS, RADIAL
BROADENING OF SPOTS
10% DEFORMATION.

DIFFUSE KIKUCHI LINES-
5% DEFORMATION. SHARP

10,000 KIKUCHI LINES -SINGLE
CRYSTALS.

SHARP RING DIAGRAM.
SODIUM CHLORIDE SHOWS
PREFERRED ORIENTATION.
NO DEFORMATION.

HARDNESS OF MATERIAL
DETERMINES APPEARANCE
OF KIKUCHI LINES AND
SINGLE CRYSTAL SPOTS.

METALS NONMETALS

Fig. 2. Electron diffraction of cold worked surfaces.

ter field). Sharp rings will appear, indicating a

mechanically disturbed surface. The debris on the

surface is removed by etching with hydrofluoric

acid, and first a cross grating or Laue point pattern

and later a Kikuchi diagram develops, indicating a

clean, fairly flat monocrystalline face. The optimum

etching before plating with metal electrodes is thus

determined.

Increased mechanical working of the surface of

metals causes an increased reduction of the crys-

tallite size and increased twisting of the surface

crystallites against one another. The size reduction

eventually reaches the point where the diffraction

rings in the diagram broaden and congregate. This

results in a diagram similar to the one of an amor-

phous layer (Fig. 5, second field from top). For a

time the appearance of the diagram was considered

to be proof of the formation of a Beilby layer,

that is, a poHshed surface consisting of a liquid-

like surface film. In reahty, however, this surface

consists of very small particles of a few unit cells

of the underlying substance.

Conclusive proof of the occurrence of small crys-

tallites rather than an amorphous, liciuidhke sur-

face was found in the fact that the observed broad

diffraction halos do not coincide with those ob-

served in the hquid state of the material. On the

contrary, the rings are in the position of the diffrac-

tion maxima of small crystalline particles.

Investigation of surfaces by electron diffraction

also brought evidence of crystallographic changes

due to mechanical polishing. a-Iron (ferrite) is

transformed into 7-iron (austenite) by polishing of

steel.

Another important observation made by elec-

tron-diffraction experiments was the oxidation of

surfaces during polishing (frictional oxidation),

which occurs not onlj^ in air but also in a ^acuum
of 10"^ Torr or under alcohol or benzene after pro-

longed working, due to residual gas or oxygen dis-

solved in the liquids. The oxide films produced by

polishing of the surface of metals is of the order of

5vf̂ai;?TO?^ ?:t SURFACE FILM ON
CLEAVAGE PLANE
a = 0.

UNEVEN
a = e

FILM ON SANDED
SURFACE, a >9

Fig. 3. Electron diffraction of surface films.

10 to lOOA and is probably the reason for the m-
crcascd corrosion resistance of polished surfaces.

Film Thickness. Figure 3 shows the shielding ef-

fect of thin surface films on surfaces of different

textures to absorb the reflections of the support.

Table 1 can be used to estimate the approximate

film thickness bj^ comparing the reflection intensi-

ties of the substrate and the film. A film reflection

is observable only if the primary electron beam
penetrates through a sufficiently long path in the

film along which it is scattered and before it

reaches the substrate. If L is the length of this

path, the angle, a, expresses the film roughness and

e is the glancing angle : the thickness. T = L sin
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Table 1. Estimation of Film Thickness.

B
Film Thickness, A

Length of

Electron
Beam Path,

A

-SO

Flat Films
on Cleavage

Plane
(a = 0)

Uneven Films
iea = 2°)

Films on
Sanded
Surfaces
(a = 52°)

1 20,000 1,000 1,600 10,000

7 1,600 80 128 1,280

20 400 20 32 320

40 150 7.5 12 120

80 60 3 4.8 48

investigation of the reaction mechanism of an-

neahng-stain formation on steel.

Steel coils annealed in a mixture of carbon di-

oxide, hydrogen, carbon monoxide, methane, and

nitrogen gas (DX gas) show a stain referred to as

black edge. The conditions in steel-annealing apph-

cations with such a mixture of gases is so complex

that they cannot be accurately postulated. A com-

bination of X-ray- and electron-diffraction analysis

and chemical analysis proved to be very successful

in establishing the reaction mechanism. Because of

the different depth of penetration of X-rays and

electron rays, layers of substances can be identified

by the sequence in which they occur on the surface

I

GAS STAGNATION

CO/COj CHANGING | CO/COj CONSTANT

DX GAS

Fig. 4. Gas corrosion on steel coils,

Table 2. X-ray- and Electron-Diffraction

Analysis of Stains on Steel-Mill
Annealed Coils.

x-rays Electrons

Bright outer Fe Fe, a-FeOOH
edge (rust)

Black edge Fe, FeaC FeaO, , C, Fe

Center of Fe Fe,«-FeO-OH
sheet (rust)

Scrapings of Fe Fe, Fe304 , C, FesC

black edge

(e + a). T represents the minimum film thickness

necessary to absorb all reflections of the substrate.

If reflection of both the substrate and the film

can be observed in the pattern, the film thickness is

less than T.

Other methods for determining film thickness

are based on the principle of measurement of the

X-ray fluorescent radiation of the substrate ele-

ments. Here the crystal structure of the substrate

plays no part in the determination.

Corrosion and Oxidation. Another example of

the practical application of such techniques is the

of steel. X-ray diffraction of steel annealing in DX
gas indicated a layer of iron carbide imbedded in

the steel sheet. On top of the iron carbide thin

films of iron oxide and amorphous carbon were

detected by electron diffraction and chemical anal-

ysis

A schematic drawing of the gas eddy formation

and stagnation of annealing gas in gaps between

steel sheets is shown in Fig. 4. The oxide film on

the surface is not shown. To the right a bright

outer edge is produced in the zone (dashed line

CO/COo = constant) where continuous fresh gas

is supplied during the annealing of the sheet. To

the left of the dashed line, that is, inside the gaps,

the gas reacts with the steel surface and changes its

composition almost continuously. The findings on

different parts of the steel surface are given in Ta-

ble 2. On the basis of these findings seven possible

reactions can be postulated, which lead to iron

carbide, iron oxide, and carbon imbedded into

the surface and to another loose carbon deposition

on top of the sheet.

Oxidation tests on monocrystalline iron have

been used to study the oxide film formation. Elec-

tron-diffraction diagrams show that FesO* which

is formed at room temperature grows parallel to

the (100) plane of the underlying iron. Both lat-



385 FILMS: GAMMA SPECTROMETRY

tices are twisted against one another by 45°. The

transformation of Fe304 into FeO of the same ori-

entation lies at 350°C; Isolated Fe304 , however,

transforms at 550°C. Similar investigations were

made of the corrosion of iron in moist air, water,

acids, and bases and of passivated iron surfaces.

Aluminum protects itself in air by a 10- to 100-A

thick amorphous or microcrystalline surface (line

broadening). This coating causes reduced solubility

and good corrosion resistance of the substrate. Alu-

minum layers oxidized electrolytically do not con-

sist of small-particle 7-AI0O3 , as they do if oxidized

in oxahc acid, but consist of AlOOH and A1(0H)3

,

showing sharp diffraction rings. Similar investiga-

tions of the chemical nature of surface compounds

and their orientation to the substrate were made
of zinc, magnesium, cadmium, beryllium, tin, ti-

tanium, uranium, and many alloys.

Evaporated Films. The formation of a film

during vapor deposition takes place (1) by adsorp-

CoUodion Substrate

m
'.^^'

.V«î !̂^>

Bismuth
after Deposition
at 2«K

at 14»K

at 20«K

* Cl
'*•<

A /-
.
sy'\

H fki"^V\
^\ \hIJ /'
\\-\ -' /'//
X^^""-'''^ >•>

at 300»K

Fig. 5. Transmission electron diffraction of an
evaporated and heated bismuth film. (Buckel,

1954)

tion, (2) by cluster formation of the impinging

atoms, and (3) by joining neighboring nuclei.

Drawings of electron diffraction diagrams of a film

deposited on a collodion substrate at low tempera-

ture are shown in Fig. 5. Increasing temperatures

tend to form increasing crystal sizes.

Epitaxial growth of thin films on alkali halide

crystals was frequently observed. Monocrystalline

films can be obtained by evaporating alkali halides

onto freshly cleaved single crystals of the same
compounds. If metal vapors are condensed on al-

kali halide single crystals, single-crystal-like metal

films are obtained when the temperature of the

substrate reaches a characteristic minimum value,

TE , the epitaxial temperature. The epitaxial tem-

peratures for some metals on sodium chloride single

crystals are given below.

Film

Ag

150

Au Al Pd Cu

(100) NaCl tempera-
ture, °C

400 300 250 150

It is interesting to note that the orientation of

the metal film apparently is not determined by

close matching of distances in the film and sub-

strate. If alkali halides with normal body-centered

lattice, like cesium chloride, are evaporated onto

face-centered sodium chloride crystals, a film with

a face-centered crystal structure is produced.
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FILMS, THIN: GAMMA SPECTROMETRY

With the increasing importance of thin films m
modern technology it has become necessary to de-

\-elop sensitive analytical methods capable of ac-

curate measurement of the minute amounts of

material comprising these films. Radiochemical

methods combining gamma spectrometry with

neutron and proton activation have proved to be



FILMS: GAMMA SPECTROMETRY 386

HCl solution of

sample

Add 2 drops of carriers of

As, Cu, Ni, Ba, Fe, Ca

I

Add 2 drops of Ag carrier, centrifuge

r
precipitEite

r

ecii

ac

so .ution

tion

|AgCl

Fraction

all others
1

Id HoS, centrifuge
1

pr )itate

lOH

Wash

Mak

preci

S(.)

1

lution

[AT

wash w

2S3 , CusS

ith IN N

|Fe, Ni, Ca|

e basic with NH.OH

precipitate solution dilate solu

CusS |As-H

Fraction #3

iFeS, NiS| |c^++|

Fraction ^2

Willi GXHCl
L

Add (XH,)2Co04
1

1

precipitate solut

1

on

]

1 1

.

precipitate solution

iNiSi |Fe+^ |CaC,04l |Na+
1

Fraction ^6 Fraction #7Fraction #4 Fraction i^'5

Fig. 1. Outline of group chemical separation procedure for thin films.

extremely well-suited to studies of this type. By
proper choice of conditions one can measure film

composition,^ purity," and thickness^' ^ using these

methods.
The techniques utilize the familiar principles of

neutron activation analysis* in which the sample

under investigation is exposed to a neutron flux

and radioactivity is induced in the various ele-

ments present according to the following relation-

ship

:

A = Ndif
I 0.693A"

where
A is the amount of radioactivity induced;

iV is the number of parent atoms initially

present

;

a is the neutron capture cross section;

is the neutron flux

;

Ti/2 is the half-life of the radioisotope produced

;

t is the irradiation time.

Calculation of the amount of any element pres-

ent in the thin film is greatly simplified by com-

paring the amount of induced radioactivity with

that of a standard sample of known weight ir-

radiated under identical conditions. Since micro-

gram amounts of material or less are being meas-

ured it will usually be necessary to utilize the high

neutron flux of a nuclear reactor. This is especially

true when trace constituents of the films are to be

determined. The procedure followed after irradia-

tion of the sample varies somewhat depending on

the nature of the film and the type of information

required. If the substrate material becomes radio-

active a separation must be made before the ac-

tivity of the film can be measured. Usually this

can be accomplished very simply by dissolving in

a few drops of acid. In general, it is much better

to perform this separation after irradiation than

before to eliminate interferences from activation

of impurities present in the reagents. Even the

purest reagents contain impurities such as copper

at high enough concentrations to interefere seri-

ously with the measurement of these elements

when they are present at low concentrations in
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the films. Since some material may be leached out

of the substrate in the course of this procedure it

is always advisable to run a "blank," i.e., to ir-

radiate a piece of substrate material containing no

film and carry it through all subseciuent steps of

the analysis.

Where the information desired is the thickness

of the film or a determination of the major con-

stituents, it may be possible to complete the

analysis by measuring the gamma spectrum of the

dissolved film and comparing to standards. In

other cases, however, where minor impurities are

to be measured or where the radiation of an im-

purity such as sodium masks that originating from

other elements present, some chemical separations

will be necessary. Although there may be times

when it is necessary to go through detailed radio-

chemical separations for specific elements,^ there

are many other situations for which group chemical

separations are quite adeciuate. The standard quali-

tative analysis separation scheme as outlined in

the Handbook of Chemistry has proved very

satisfactory for this purpose.

The general procedure consists of addition of

one or two drops each of standard carrier solu-

tions (10 mg carrier/ml) of silver, arsenic, copper,

iron, nickel, and calcium. The solution is then

divided into fractions by successive precipitations

exactly as outlined in the standard scheme men-
tioned above. Figure 1 shows a schematic diagram

of a typical group separation procedure. If the

volumes are kept small the entire procedure can

be carried out using small glass or Lusteroid

centrifuge tubes which will fit in the well of a

well type scintillation crystal, thus greatly simpli-

fying the manipulations involved. This procedure

is relatively rapid and is especially useful when
sodium is present. It can be readily modified for

particular cases when either more or less extensive

separation of individual fractions is required.

After the dissolved film has been fractioned in

the above manner it is usually possible to identify

quantitatively the elements present by gamma
spectrometry combined with measurement of ra-

dioactive decay rates.

To determine film thicknesses by the methods
described thus far it is necessary to irradiate a film

of known area. Measurement of the induced radio-

activity will then give a value for mass per unit

area so that, if the density is known, the thickness

can readily be calculated.
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FILTERS FOR ENERGY SELECTION IN RADIOISOTOPE

X-RAY TECHNIQUES

Selective counting of characteristic X-rays is

possible either with a detector which gives an

output pulse proportional to the X-ray energy,

or b}^ physical methods which modify the energy

response of the detector system. The use of a

proportional or scintillation counter, together

with electronic pulse height selection, is limited

by the relatively poor resolution of such detec-

tors and is undesirable for routine use because of

the high stability required from the detector and
associated electronics.

A Bragg crystal spectrometer has an energy

resolution of 1 to 3 per cent but because of the

high coUimation losses (factors of 10^ to lO'')

entailed in obtaining this resolution, it cannot

be used with radioisotope X-ray sources, whose
X-ray outputs are only 10*^ to 10^ photons/sec.

Energy selection using filters is simple, stable

and capable of good resolution.

X-ray Filters. X-ray filters usually take the

form of thin foils covering the detector window.

Three types of filters are used, two of which de-

pend on absorption edges and the third on the

rapid change of mass absorption coefficient, /j.,

with energy at low X-ray energies. Filters of the

last type are able to discriminate between X-rays

a few kev apart. For example, if Ni K (7.5 kev)

and Sr K (14.2 kev) X-rays are both excited in a

sample, and it is desired to measure the Sr K
X-ray, and aluminium filter can be used. From
Fig. 1, MAI at 7.5 kev = 65 cmVg, mai at 14.2

kev = 8 cmVg- Thus an aluminium filter 0.032

cm thick attenuates Ni K X-rays by a factor of

280 but Sr K X-rays by a factor of only 2. This

type of filtering only discriminates against lower

energies and its effectiveness increases with in-

creasing energy differences.

Absorption Edge Filters. Absorption edge

filtration uses the fact that the mass absorption

coefficient at the K absorption edge of a particular

element increases suddenlj^ by an order of magni-

tude as the energy increases through the absorp-

tion edge. The ratio of mass absorption coefficient

just above to that just below the absorption

edge ("absorption discontinuity") varies from
over ten for elements of low atomic number to

about 3 for high atomic numbers (see Table 1).

Thus absorption edge filtration can be used to

discriminate between two X-rays of neighboring

energy by choosing a filter whose K absorption

edge lies between the two X-ray energies. The
method is most effective when the two X-raj'-

energies are close together and Fig. 2 shows that

it becomes ineffective if they are more than a

few kev apart. For example, a nickel filter (ab-

sorption edge energy Ek = 8.33 kev) can be used

to discriminate against Zn K X-rays (8.66 kev)

in a Cu-Zn alloy and enable the copper content

to be determined by counting the Cu K X-raj^s

only (8.05 kev). For Zn K and Cu K X-rays,

Miv,: = 330 cmVg and 52 cmVg respectively. So a

0.0005 in (0.0013 cm) thick Ni foil (about 10

mg/cm2) will attenuate Zn K X-rays by a factor
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Fig. 1. Narrow-beam attenuation of gamma-rays.
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Table 1. Atomic Number, Atomic Weight, Density and X-ray Data for All Elements.

s

o

<

Atomic
Weight, A

Density at

N.T.P., p g/ml

K Absorption Edge
Principle K

X-ray Energies
(kev)

L Absorption Edge Principle L X-ray
Energies fkevj

Element Mass Absorption
Coefficients,

Energy.
£ifkev

cmVg K.^ K,, Li Ln illl La^ ^^^ Ly

Ml M2

Hydrogen 1 1.008 0.0898 X 10-3 0.0136

Helium 2 4.003 0.178 X 10-3 0.0246

Lithium 3 6.940 0.53 0.055 0.052

Beryllium 4 9.02 1.84 0.116 0.110

Boron 5 10.82 2.34 0.192 0.185

Carbon 6 12.010 2.25 0.283 1000 0.282

Nitrogen 7 14.008 1.25 X 10-3 0.399 840 0.392

Oxygen 8 16.000 1.43 X 10-3 0.531 720 11000 0.523

Fluorine 9 . 19.000 1.70 X 10-3 0.687 600 8600 0.677

Neon 10 20.183 0.90 X 10-3 0.874 500 6800 0.851 0.048 0.022 0.022

Sodium 11 22.997 0.97 1.08 420 5400 1.041 1.067 0.055 0.034 0.034

Magnesium 12 24.32 1.74 1.303 350 4500 1.254 1.297 0.063 0.050 0.049

Aluminum 13 26.97 2.70 1.559 300 3700 1.487 1.553 0.087 0.073 0.072

Silicon 14 28.06 2.35 1.838 250 3000 1.740 1.832 0.118 0.099 0.098

Phosphorus 15 30.98 2.2 2.142 215 2500 2.015 2.136 0.153 0.129 0.128
1

Sulfur 16 32.066 2.0 2.470 185 2100 2.308 2.464 0.193 0.164 0.163
1

Chlorine 17 35.457 3.21 X 10-3 2.819 160 1800 2.622 2.815 0.238 0.203 0.202

Argon 18 39.944 1.78 X 10-3 3.203 140 1500 2.957 3.192 0.287 0.247 0.245

Potassium 19 39.096 0.85 3.607 120 1250 3.313 3.589 0.341 0.297 0.294

Calcium 20 40.08 1.54 4.038 104 1050 3.691 4.012 0.399 0.352 0.349 0.341 0.344

Scandium 21 45.10 4.496 91 900 4.090 4.460 0.462 0.411 0.406 0.395 0.399

Titanium 22 47.90 4.5 4.964 80 760 4.510 4.931 0.530 0.460 0.454 0.452 0.458

Vanadium 23 50.95 5.69 5.463 72 660 4.952 5.427 0.604 0.519 0.512 0.510 0.519

Chromium 24 52.01 6.9 5.988 64 580 5.414 5.946 0.679 0.583 0.574 0.571 0.581

Manganese 25 54.93 7.42 6.537 57 500 5.898 6.490 0.762 0.650 0.639 0.636 0.647

Iron 26 55.85 7.9 7.111 51 450 6.403 7.057 0.849 0.721 0.708 0.704 0.717

Cobalt 27 58.94 8.71 7.709 45 390 6.930 7.649 0.929 0.790 0.779 0.775 0.790

Nickel 28 58.69 8.8 8.331 42 345 7.477 8.264 1.015 0.871 0.853 0.849 0.866

Copper 29 63.54 8.9 8.908 37 310 8.047 8.904 1.100 0.953 0.933 0.928 0.948

Zinc 30 65.38 7.1 9.660 33.5 275 8.638 9.571 1.200 1.045 1.022 1.009 1.032

Gallium 31 69.72 5.90 10.368 30.5 245 9.251 10.263 1.30 1.134 1.117 1.096 1.122

Germanium 32 72.60 5.46 11.103 27.5 220 9.885 10.981 1.42 1.248 1.217 1.186 1.216

Arsenic 33 74.91 5.7 11.863 25 200 10.543 11.725 1.529 1.359 1.323 1.282 1.317

Selenium 34 78.96 4.5 12.652 23 180 11.221 12.495 1.652 1.473 1.434 1.379 1.417

Bromine 35 79.92 3.12 13.475 21.4 162 11.923 13.240 1.794 1.599 1.552 1.480 1.526

Krypton 36 83.7 3.71 X 10-3 14.323 19.6 150 12.648 14.112 1.931 1.727 1.675 1.587 1.638

Rubidium 37 85.48 1.53 15.201 18.2 134 13.394 14.960 2.067 1.866 1.806 1.694 1.752

Strontium 38 87.63 2.55 16.106 16.9 121 14.164 15.834 2.221 2.008 1.941 1.806 1.872

Yttrium 39 88.92 5.51 17.037 15.5 111 15.957 16.736 2.369 2.154 2.079 1.922 1.996

Zirconium 40 91.22 6.44 17.998 14.4 102 15.774 17.666 2.547 2.305 2.720 2.042 2.124 2.302

Niobium 41 92.91 18.987 13.4 94 16.614 18.621 2.706 2.467 2.374 2.166 2.257 2.462

Molybdenum 42 95.95 9.0 20.002 12.5 86 17.478 19.607 2.884 2.627 2.523 2.293 2.395 2.623

Technetium 43 21.054 11.7 79 18.410 20.585 3.054 2.795 2.677 2.424 2.538 2.792

Ruthenium 44 101.7 12.1 22.118 11.0 73 19.278 21.655 3.236 2.966 2.837 2.558 2.683 2.964

Rhodium 45 102.91 12.4 23.224 10.2 67 20.214 22.721 3.419 3.145 3.002 2.696 2.834 3.144

Palladium 46 106.7 12.2 24.347 9.8 62 21.175 23.814 3.617 3.329 3.172 2.838' 2.9901 3.328

Silver 47 107.88 10.5 25.517 9.2 58 22.162 24.942 3.810 3.528 3.352 2.984 3.151 3.519

Cadmium 48 112.41 8.6 26.712 8.6 53 23.172 26.093 4.019 3.727 3.538 3.133 3.316 3.716

Indium 49 114.76 7.28 27.928 8.2 49 24.207 27.274 4.237 3.939 3.729 3.287 3.487 3.920

Tin 50 118.70 7.3 29.190 7.7 46 25.270 28.483 4.464 4.157 3.928 3.444 3.662 4.131

Antimony 51 121.76 6.7 30.486 7.2 43 26.357 29.723 4.697 4.381 4.132! 3.605 3.843 4.347

Tellurium 52 127.61 6.0 31.809 6.8 39.5 27.471 30.993 4.938 4.613 4.341 3.769, 4.029 4.570

Iodine 53 126.92 4.94 33.164 6.5 37.0 28.610 32.292 5.190 4.856: 4.559' 3.937 4.220 4.800

Xenon 54 131.3 5.85 X 10-3 34.579 6.2 34.5 29.802 33.644
1

5.452 5.104' 4.1S2 4.111 4.422 5.036
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Table 1.—Continued

s
Atomic

Weight, A I

Density at

^J.T.P.,pg/ml

K Absorption Edge
Principle K

X-ray Energies L Absorption Edge
(kev)

1

Principle L X-ray
Energies (kev)

Element Mass Absorption
Coefficients

1

g
]Energy,

Ek kev
.

cmVg Ka^ K,, Li Ln Lin U, U, ^1

<
Ml y-1

55 132.91 1.87 35.959 5.8 32.0 30.970 34.984 5.720 5.358 5.011 4.286 4.620 5.280

Barium 56 137..36 3.78 37.410 5.5 30.0 32.191 36.376 5.995 5.623 5.247 4.467 4.828 5.531

Lanthanum 57 138.92 6.15 38.931 5.2 28.5 33.440 37.799 6.283 5.489 5.489 4.651 5.043 5.789

Cerium 58 140.13 6.8 40.449 5.0 26.5 34.717 39.255 6.561 6.185 5.729 4.840 5.262 6.052

Praseodym- 59 140.92 6.48 41.998 4.75 25.0 36.023 40.746 6.846 6.443 5.968 5.034 5.489 6.322

ium
Neodymium 60 144.27 6.96 43.571 4.5 23.5 37.359 42.269 7.144 6.727 6.215 5.230 5.722 6.602

61 (146) 45.207 4.35 22.5 38.649 43.945 7.448 7.018 6.466 5.431 5.956 6.891

62 150.43 7.8 46.846 4.15 21.0 40.124 45.400 7.754 7.281 6.721 5.636 6.206 7.180

Europium
Gadolinium

63 152.0 48.515 4.0 19.5 41.529 47.027 8.069 7.624 6.983 5.846 6.456 7.478

64 156.9 50.229 3.8 18.5 42.983 48.718 8.393 7.940 7.252 6.059 6.724 7.788

65 159.2 51.998 3.7 17.5 44.470 50.391 8.724 8.258 7.519 6. 27 5 6.979 8.104

Dysprosium 66 162.46 53.789 3.55 16.6 45.985 52.178 9.083 8.621 7.850 6.495 7.249 8.428

67 164.94 55.615 3.4 15.7 47.528 53.934 9.410 8.920 8.074 6.720 7.528 8.748

68 167.2 4.77(?) 57.483 3.25 14.8 49.099 55.690 9.776 9.263 8.364 6.948 7.810 9.089

Thulium 69 169.4 59.335 3.15 14.0 50.730 57.576 10.144 9.628 8.625 7.181 8.103 9.424

70 173.04 61.303 3.0 13.3 52.360 59.352 10.486 9.977 8.943 9.779 8.401 7.414

Lutecium 71 174.99 63.304 2.9 12.7 54.063 61.282 10.867 10.345 9.241 10.142 8.708 7.654

Hafnium 72 178.6 65.313 2.85 12.1 55.757 63.209 11.264 10.734 9.556 10.514 9.21 7.898

Tantalum 73 180.88 16.6 67.400 2.75 11.8 57.524 65.210 11.676 11.130 9.876 10.892 9.341 8.145

Tungsten 74 183.92 18.9 69.508 2.7 11.3 59.310 67.2.33 12.090 11.535 10.198 11.283 9.670 8.396

75 186.31 71.662 2.6 10.5 61.131 69.298 12.522 11.955 10.531 11.684 10.008 8.650

76 190.2 22.5 73.860 2.5 10.2 62.991 71.404 12.965 12.383 10.869 12.094 10.354 8.910

193.1 22.4 76.097 2.4 9.7 64.886 73.549 13.413 12.819 11.211 12.509 10.706 9.173

78 195.23 21.4 78.379 2.35 9.3 66.820 75.736 13.873 13.628 11.559 12.939 11.069 9.441

Gold 79 197.2 19.3 80.713 2.3 8.8 68.794 77.968 14.353 13.733 11.919 13.379 11.439 9.711

Mercury 80 200.61 13.6 83.106 2.2 8.4 70.821 80.258 14.841 14.212 12.285 13.828 11.823 9.987

Thallium 81 204.39 11.9 85.517 2.15 8.0 72.860 82.558 15.346 14.697 12.657 14.288 12.210 10.266

Lead 82 207.21 11.3 88.001 2.1 7.7 74.957 84.922 15.870 15.207 13.044 14.762 12.611 10.549

83 209.00 9.8 90.521 2.04 7.3 77.097 87.335 16.393 15.716 13.424 15.244 13.021 10.836

84 (210) 93.112 2.0 7.0 79.296 89.809 16.935 16.244 13.817 15.V40 13.441 11.128

Astatine

Radon
85 (221)

222

95.740 1.93 6.6 81.525 92.319 17.490 16.784 14.215 16.248 13.873 11.424

86 9.73 X 10-3 98.418 1.90 6.3 83.800 94.817 18.058 17.337 14.618 16.768 14.316 11.724

87 (224) 101.147 1.83 6.0 86.119 97.483 18.638 17.904 15.02S 17.301 14.770 12.029

88 226.05 103.927 1.76 h.ll 88.485 100.136 19.233 18.481 15.442 17.845 15.263 12.335

Actinium

Thorium
89

90

(227)

232.12 11.5

106.759

109.630

1.72

1.67

5.5

5.2

90.894

93.334

102.846

105.592

19.842

20.46C

19.078

19.688

15.86^

16.29(

18.405

18.977

15.712

16.200

12.650

12.960

91 231 112.581 1.64 4.9.) 95.851 108.408 21.102 20.311 16.731 19.559 16.700 13.291

92 238.07 18.7 115.591 1.62 4.7 98.428 111.289 21.75.': 20.943 17.16: 20.162 17.218 13.613

Neptunium 93

94

118.619

121.720

1.57

1.53

4.5.

4.3

) 101.005

5 103.653

114.181

117.146

22.417

23.09'

21.59e

22.262

17.614

18.06(

20.774

,21.401

17.740

18.278

13.945

14.279

95 124.876 1.50 4.1 5 106.351 120.163 23. 79^ 22.944 18.52.,22.042 18.829 14.618

96 182.088 1.47 4.0 109.098 123.235 24.50^ 23.64( 18.99()22.69c 19. 39^ 14.961

Berkelium

Californium

97

98

131.357

134.683

111.896

114.745

126.362

129.544

25.23(

25.97]

) 24.35^

25.08(

19.461

) 19.93

23.37C

?24.05f

19.971

,20.562

15.309

15.661

iVoies—Relative intensities in K and L spectra are : Xa: A'^ = 6: 1 ;
L^: L^: L^

of 27 while transmitting 60 per cent of the Cu
K X -radiation.

Differential Filters. Differential filters^ permit

isolation of a particular X-ray by eliminating

energies above and below the required energy.

The method depends on the facts that any two

adjacent elements have (1) K absorption edges

differing by only about 5 per cent in energy, (2)

K absorption discontinuites of nearly equal

magnitude and (3) closely similar variations of

mass absorption coefficient with energy in the

region of the absorption edges.
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To isolate Ag K„ X-rays (22.1 kev), for exam-
ple, from unwanted radiation of energy less than
20.0 kev and greater than 23.2 kev, balanced

filters of Mo and Rh are placed successively on
the detector window and the two count rates

subtracted, hmo and ij.Rh are shown as functions

of energy in Fig. 3a.

The filter thicknesses are adjusted so that their

transmissions are equal for energies below the

Mo K absorption edge and above the Rh K ab-

sorption edge (see Fig. 3b). With perfectly bal-

anced filters, the difference count rate will con-

sist solely of photons in the energy "pass band"
between the two absorption edges. Assuming
exponential absorption of X-rays by the filters,

the criterion for balancing is:

)Rh = e-^'^-^Mo (1)

for all energies outside the two absorption edges
(where m is the filter mass per unit area). In
practice, perfect balancing is difficult to obtain
because /I /B/i/^u Mo does not remain exactly constant
over a wide range of energies. In particular, filters

which are balanced for energies just below the
lower absorption edge may be out of balance for

the higher energy range, as the magnitudes of the
two absorption discontinuities are not exactly
equal. Usually the filter of lower atomic number
has the larger discontinuity and this can be ef-

fectively reduced by adding another filter, X,
(with no absorption edge in this energy region)
of sufficient mass per unit area to make the ab-
sorption discontinuity for Mo + X (in this ex-
ample) equal to that for Rh. Thus, if 17 mg/cm^
of Al (/x = 3.0 cmVg at 20 kev) is added to an
83 mg/cm2 Mo filter, whose absorption discon-
tinuity is (86/12.5) = 6.9, the discontinuity of the
two is now reduced to

(86 X 0.83) -f (3 X 0.17)

(12.5 X 0.83) -f (3 X 0.17)
= 6.6,

which equals that of Rh (67)/ (10.2).

To overcome the lack of balance at energies
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several kev from the absorption edges, caused by
differences in ^Rh/AtMo, an energy sensitive de-
tector may be used, with pulse height analyser,
to count in a wide channel equivalent to the energy
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region where the filters are in balance. The use of

a wide channel has been found to impose no extra

requirements on electronic stability.

The criterion for choice of filter thickness^

(rather than the ratio of filter thickness) is that

the statistical error of the difference count rate

should be a minimum. If h is the count rate with

the Rh filter and h with the Mo filter, this criterion

can be expressed as:

dm L /. - u J
(2)

where m is the mass per unit area of one of the

filters. This criterion is difficult to apply because

it demands a knowledge of the filter transmissions

for the spectrum emitted by the sample over a

wide range of energy. A simpler but less exact

criterion! demands that the difference count rate

should be a maximum. If the filters are perfectly

balanced the difference count rate is due to pho-

tons of energy between the two absorption edges.

It can be shown that for one of the filters:

Mc "© (3)

where /X2 and/xi are the mass absorption coefficients

of one of the filters at the top and bottom of its

absorption edge, respectively. For Rh /zi = 10.2

cmVg and/x2 = 67 cmVg, giving Mopt = 74mg/cm2.

The mass per unit area of Mo (or Mo + Al) re-

quired for balance is then given by Eq. (1).

Calculations for Mopt of different filters using

samples containing different elements show that

the exact criterion gives values of Modi w^hich may

be up to a factor of 2 greater than the values given

by Eq. (3). But it has also been shown experi-

mentally that the choice of filter thickness is not

critical to within a factor of 2, so the use of the

approximate criterion is justified.

Filters are balanced experimentally by measur-

ing their transmission of suitable characteristic

X-rays, produced by placing samples in the usual

position for radioisotope X-ray fluorescence spec-

trometry (see article 3, Fig. 3).

It is possible to adjust the thicknesses and ef~

fective absorption discontinuities so that the

transmission on both sides of the energy ''pass

band" is equal to within about one per cent.^

Calculation of Mass Absorption Coefficients

of Filters. In almost all preliminary calculations

for X-ray filter design, values of n near the K
absorption edge are required. These are difficult

to obtain directly from either tabulated or graphi-

cal data. However, if the mass absorption coeffi-

cients for the top and bottom of the K absorption

edge (iU2 and /xi , respectively) are known, the

following simple formulas can be used:^

t(^) =-(ir for E < Ek

y.m m for E > Ek
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(5)

where Ek is the absorption edge energy and s =

-2.8 for Z < 45 and -2.7 for Z > 45. mi and m2

are given, for all Z, in Table 1. The formulas

have been shown to give values of n which agree

to within 5 per cent with experimental values for

2 > (Ek/E) > M. ^ ^
Filter Materials. Whenever possible, the de-

sired X-ray filter should be obtained as a pure

metal foil (e.g., Fe) or as an alloy containing a

major proportion of the filter element (e.g.,

88:12 Mn/Ni). If the desired filter element is an

unworkable metal, it is sometimes possible to

have a suitable thickness deposited on a thin

sheet of material which is comparatively trans-

parent to X-rays, such as plastic or beryllium.

If the filter material is only obtainable in powder

form (e.g., Sb or Sr F.), the powder can be mixed

with a small proportion of binder of low atomic

number and sandwiched between two surfaces to

which the binder will not adhere, so that a

flat disc is obtained. This can then be readily

trimmed to shape and filed to the correct thick-

ness. This method is particularly suitable when

the filter mass per unit area required is relatively

large, for example, 100 mg/cm^.
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FLUORESCENCE SPECTROCHEMICAL ANALYSIS: PRIN- !

CIPLES

Ever since their discovery by Roentgen in 1895,

X rays have been used for physical measurements.
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INTEGRATING CAPACITORS

Fig. 1. Basic principles incorporated in X-ray fluorescence instrumentation.

Only comparatively recently, however, have they

been used for the qualitative and quantitative

analysis of the atomic constituents of compounds.
An analytical tool should selectively measure

one or more individual constituents of a substance

in the presence of varying amounts of the remain-

ing constituents.^ The phenomenon of X-ray
fluorescence meets this qualification by sensing

atomic composition. Incident X-radiation photons

penetrate deep into the atom and bombard the

innermost electron shells. K, L, and M orbital

electrons are ejected from the atom, raising the

atom to a higher energy state. Electron replace-

ment occurs from the more outlying shells, giving

rise to fluorescent spectral lines in the X-ray re-

gion. The X-ray fluorescent wavelength is longer

than the incident wavelength. Each element pro-

duces fluorescence at wavelengths peculiar to it-

self and at an intensity which bears a relationship

to the concentration of that element in the ir-

radiated material.

Fortunately, the wavelengths of the emitted

K-rays do not overlap or interfere except in rare

cases. In general, measurement of the intensity of

only one of the available spectral lines is sufficient

to determine concentration of the element. It is

often necessary to correct for selective absorption

of radiation by extraneous elements, particularly

if these other elements vary in concentration.

Happily, however, it has been discovered that an
internal standard or reference wavelength can

often be used effectively to cancel this absorption

effect.^ Simultaneous multielement anah-ses are

possible in the same sample by measuring inten-

sities of appropriate spectral lines.^

Since air absorption interferes with the detection

of soft X-rays, a vacuum (or inert gas) must be

used for elements under atomic number 20. All

elements above atomic number 11 can be rapidly

and accurately determined by the X-ray fluores-

cence method.
A diagram illustrating basic principles incor-

porated in X-ray fluorescence instrumentation is

shown in Fig. 1. Fluorescent radiation is emitted

from the sample in all directions. A beam of this

radiation passes through the primary slit and
strikes a curved crystal. This cr3^stal serves as a

discriminator which is placed at the proper posi-

tion on the focal circle to diffract and focus the

wavelength of interest onto the secondary slit.

The primary slit, crystal, and secondary slit are

placed on the focal circle so that Bragg 's law will

always be satisfied. Crystals of different materials

are available for providing best resolution or speed
in different portions of the X-ray spectrum. Ex-
amples are lithium fluoride, quartz, sodium chlo-

ride, ammonium dihydrogen phosphate.

As shown in Fig. 1, the monochromatic radia-

tion proceeds from the secondary slit into a de-

tector where the energy is converted into electric

current. Optimum detection conditions can be ob-

tained bj^ the choice of detector emplo^'ed.

In a polychromator, i.e., an instrument which

can analyze more than one element at a time,

each detector is connected to an integrating

capacitor. The current charges each capacitor to a

d.c. voltage proportional to the intensit}^ of the

radiation entering the detector. Two types of in-

tegrating techniques are possible, parallel and

sequential. In the latter method, radiation is re-

ceived and measured for each element one at a

time. The parallel method, used in instruments
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manufactured by Applied Research Laboratories,

Inc., receives and integrates radiation from a num-

ber of elements simultaneously and presents the

results sequentially, one element at a time. This

method is faster than the sequential integration

technique when several elements are to be deter-

mined. The recording console designed by Applied

Research Laboratories permits each element to be

read out sequentially at the rate of one every

2.4 sec. Results can be traced on chart paper by a

recorder and/or printed out directly in per cent

concentration on a printer or typewriter.

An example of the parallel type instrument is the

Vacuum X-ray Quantometer manufactured by

Applied Research Laboratories. Up to nine ele-

ments can be determined simultaneously. A com-

plete analysis, allowing one minute for integration,

can be accomplished in about 85 sec. A larger

unit, the Vacuum Production X-ray Quantometer,

permits the simultaneous analysis of up to 22

elements. A complete quantitative determination

can be accomplished in about 2 minutes, using the

parallel integration system previously described.

Monochromators (crystal, secondary slit, and de-

tector) are mounted on bulkhead plates arranged

radially around the X-ray tube and sample posi-

tion, the choice of specific crystals, specific de-

tectors, and specific slit widths provides great

flexibihty in establishing optimum analytical con-

ditions for each element.

A scanning monochromator can be provided on

one or more of the monochromator plates. This

mechanism, either manually or motor drhcn,

permits analysis of all elements, one at a time,

within a specific wavelength range. The scanner is

of particular value in research work—fiualitative

analysis, resolution determinations, line interfer-

ences, etc., as well as the handling of special prob-

lems. A scanner is also valuable as a single ele-

ment determinator, since it may be used to analyze

any element within the specified wavelength range

not included in the standard instrumental program.

This feature adds flexibility to the fixed analytical

system.

Another instrument, the Quantrol, is a unit

which can be used for continuous analysis of one

element in a material as it passes through a pro-

duction line. Important applications are determina-

tion of thickness of tin plate, galvanize, and other

plating materials ; on-stream analysis of ore slurries,

cements, etc.

For quality control, an X-ray instrument can

provide a dynamic, rather than historical, analysis.

Consequently, production facilities can reduce off-

specification materials to a minimum since

remedial action, if required, can be taken within

a few minutes after a sample has been selected

for analysis. The X-ray fluorescence method is

nondestructive and the sample can be solid, liquid,

or powder. As many industrial laboratories are

proving. X-ray fluorescence techniques are now an

important consideration in the rapid, economical

analysis of multicomponent materials.
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FLUORIDATION OF DENTAL ENAMEL*

This paper is a brief summary of some work be-

gun in our laboratory (Dept. of Chemistry, Indiana

University) in 1952 to ascertain the effects on the

structure of dental enamel caused by treatment

with fluoride reagents. Experimental techniques

employed included X-ray diffraction, electron dif-

fraction, infrared absorption, electron microscopy,

light microscopy, and zeta potential measurements.

Dental enamel from extracted human teeth was

used in all of the experimental work. In most in-

stances the enamel was powdered prior to fluoride

treatment in order to provide greater surface area

for reaction, but whole teeth were used in some

experiments.

The chief inorganic constituent of dental enamel

is hydroxyapatite, Caio(OH)o(POjG . Other in-

organic constituents, including magnesium ion and

carbonate ion among others, are also present. Or-

ganic material comprises a few weight per cent

of the over-all composition.

Diffraction Studies of the Apatite to Calcium

Fluoride Transformation. Electron diffraction

techniques, employing the diffraction attachment

of an RCA type EMU-1 electron microscope, and

* Presented at Svmposium in honor of retirement

of Prof. G. L. Clark, Urbana, 111., May, 1960
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X-ray diffraction techniques, employing Norelco

equipment with photographic recording, were used

to study the transformation of the apatite structure

of dental enamel to a calcium fluoride structure.

Six conclusions were obtained. (1) The transfor-

mation does take place when the treating solution

is sodium fluoride, potassium fluoride, or sodium

sihcofluoride. (2) The transformation is extremely

slow at neutral pH but occurs readily when the

treating solution is acidic. (3) The change occurs

on the surface of the enamel, but eventually

penetrates well inside. (4) The rate of the change

is dependent somewhat upon which fluoride reagent

is used. (5) With sodium monofluorophosphate as

the treating solution, no transformation from the

apatite structure occurs. (6) With stannous fluoride

as the treating solution, no calcium fluoride is

formed, but an amorphous surface layer is formed

on the surface of the enamel. Whole teeth and

powdered enamel respond similarly. It was not

possible in these experiments to distinguish be-

tween hydroxyapatite and fluorapatite as the

apatite component.
Refined X-ray Diffraction Studies of the

Hydroxyapatite to Fluorapatite Transformation.

In order to determine whether or not fluorapatite

is either an intermediate in the formation of

calcium fluoride from hydroxyapatite, or a second

product, two types of refined X-ray diffraction

study were conducted. The patterns of the two
apatites are so similar that extremely high resolu-

tion is required to distinguish between the two.

First, extremely small pinholes were used in the

coUimating system, and, second, a camera with a

curved-crystal monochromator was designed and
constructed. A modified internal standard tech-

nique was employed with each. It was possible by
both methods to distinguish between hydroxyapa-
tite, as in untreated dental enamel, and fluorapa-

tite, although not to detect small amounts of one
in the presence of the other. From experiments on
dental enamel before and after various fluoride

treatments, it was concluded that fluorapatite is

not formed as the major component of anj^ treated

enamel.
Infrared Studies of the Hydroxyapatite to

Fluorapatite Transformation. Infrared absorp-

tion spectra of hydroxyapatite, that is, of un-

treated dental enamel, and of a known fluorapatite

revealed certain differences in the 16 to 18 micron
region from which it was possible to develop a

quantitative technique for the determination of

fluorapatite in the presence of hydroxyapatite.

Analysis of dental enamel before and after treat-

ment with various fluoride reagents revealed that,

under certain conditions, several per cent of

fluorapatite are formed. The quantities of fluorapa-

tite were insufficient for detection bj' the refined

X-ray method, but were detectable by the infrared

method.
Additional studies on the ionic permeability- and

on the zeta potential of dental enamel before and
after treatment revealed information as to the

mechanisms of the transformations to calcium

fluoride and to fluorapatite. These results are of

fundamental significance in conjunction with the

now widespread use of fluoride treatments to re-

duce the incidence of dental caries.
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FLUOROSCOPY, See Intensification of X-Ray Images, l-VI.

FLUOROSCOPY: NONDESTRUCTIVE APPLICATIONS

Industrial radiography, which records an image
on film, is a well-developed, nondestructive tool

for the inspection and evaluation of materials,

components, and assemblies. Fluoroscopy, which

emploj^s X-ray generators of relatively- high energy

in industrial applications, has been slow in its de-

velopment due to the limitations imposed by image
formers and viewing s^'stems. As in medical roent-

genology^, the emplo3-ment of filmless fluoroscopic

techniques in industiy offers advantages of time

and material economy. These advantages are

realized through instantaneous image presentation,

and the elimination of film processing when many
exposures are required.

Fluoroscopy, however, has definite inliercnt limi-

tations which theoreticalh' impose a lower limit

of sensitivitj' than can be attained in film radiog-

raphy. As a consequence, fluoroscopy cannot be

judged as a direct substitute for film radiograph}',

but rather must be considered as a unique method
of nondestructive testing which can be employed
where the instantaneous imaging meets the sensi-

tivity requirements of the inspection specifications.

The most common form of fluoroscopic appli-
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Fig. 1. Image intensifier system.

SPECIMEN FLUORESCENT SCREEN

PROTECTIVE
WALL

Fig. 2. Closed-link television sj'stem.

link television light amplification, and solid-state

image intensification. Specimens requiring X-ray

energies up to 15 Mev for penetration may be re-

motely viewed by a combination of these methods.

Figure 1 illustrates the construction of an elec-

tronic image intensifier tube. This tube, consisting

of a permanently evacuated glass envelope, con-

tains a fluorescent surface as the origmal image

former. By means of an electric field, this original

image is reduced in size, intensified, and reproduced

on the final phosphor layer. The final image formed

at this point may be viewed through a binocular

microscope, photographed, or televised to a re-

mote location. Radiation shielding is provided as

an inherent part of this system, and gives operator

protection through X-ray energies of approxi-

mately 300 kv.

Another method of providing a brighter fluoro-

scopic image is the use of a highly sensitive closed-

link image orthicon television system. This method

is especially important where extremely high X-ray

energies are necessary, and the viewer must be

remotely positioned for safety purposes. Figure 2

illustrates the apphcation of a closed-hnk televi-

sion system. The picture quality is affected by the

type of fluorescent screen used. X-ray intensity,

and the electronic noise in the system. Under most

f -fcc^""^

cation is the direct viewing of a specimen image on

a fluorescent screen with lead glass providing a

transparent radiation shield. In this system, as in

all fluoroscopy, the final sensitivity is based upon

human vision. Thus, the brightness of the fluoro-

scopic image plays an important part in the ability

of the eye to resolve contrasting areas.

In industrial practice, the image emitted by a

fluorescent screen is usually below the threshold

of brightness required by the eye to distinguish

defects. It then becomes necessary to introduce

some method of furnishing a brighter image to the

eye. The methods commonly employed in in-

dustry are electronic image intensification, closed-

|X-RAY INPUT

TRANSPARENT
CONDUCTIVE
ELECTRODE

I
-

_^

Fig. 4. Typical penetrameter;

TOP ELECTRODE

PHOTOCONDUCTOR

OPAQUE LAYER

P^^^_^ ELECTROLUMINESCENT2*^ LAYER
GLASS

LIGHT
OUTPUT

Fig. 3. Sandwich type intensifier.
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Fig. 5. Aluminum missile weld 0.093 in. (a) radiograph, (b) electronically intensified image.

conditions, however, the sensitivity provided by
the television viewing of a fluorescent screen is

equal to, or greater than, that obtained with the

electronic image intensifier.

Recent developments in solid-state physics have
led to the electroluminescent method of image in-

tensification. As shown in Fig. 3, the solid-state

panel intensifier is a thin, relatively simple device

which requires only a power supply and transparent

radiation shield for fluoroscopic applications, and
provides a brightness gain of approximately 1000.

Since this type of intensifier is still in the research

and development stage, it has seen application in

relatively few installations. However, results to

date indicate that this device can be effectively

used in both industrial and medical investigations.

The ultimate usefulness of any X-ray inspection

method is determined by the ability of the method
to show the flaws or defects in the specimen being

examined. To verify this ability for fluoroscopic

techniques, the sensitivity of the system is estab-

lished on the same basis as film radiography. Thus,

"contrast" or "outline" sensitivity is a measure of

the thickness of a flaw which can just be detected,

and is given in per cent of the total thickness of

the specimen. "Detail sensitivity" is the measure of

the size of the smallest defect which can be de-

tected and is also stated in terms of percentage of

thickness of the specimen. The most common
method of measuring sensitivity is, of course, by
tne use of an artificial flaw in the form of a

penetrameter. Figure 4 illustrates several pene-

trameters.

The penetrameter is made of a thin piece of the

material being inspected, and is placed on the

radiation side of the object to be inspected so that

it will be in the most disadvantageous position

possible. "Outhne" or "contrast" sensitivity is

then determined by the thinnest penetrameter

visible, and by the smallest hole which can be

seen, in terms of per cent of thickness of the object

being investigated. Thus, seeing the penetrameter

outline and the holes means that all defects of this

value or greater may be seen in the inspection

process. The penetrameters are commonly 2 per

cent of the thickness of the specimen for which
they are designed, and are marked with the thick-

ness of the specimen.

Figure 5 illustrates a defective 0.093-in. alumi-

num missile weld as seen on a radiograph, and

through the binoculars of the electronic image
intensifier. The X-ray tube was operated at 20

kvp to achieve sufficient penetration for evalua-

tion. Figure 6 is a photograph of the monitor of

the closed-link television S3^stem viewing a Vs-in.

steel weld. The X-ray energy used in this case

was 90 kvp. Sensitivity, as determined by the

penetrameters which are visible, indicates that a

two per cent change in thickness (0.0025-in.) could

be detected in the Vs-in. steel section.

An analysis of the various fluoroscopic methods
shows that direct screen viewing cannot provide
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White Oaks, Md.; J.

Testing (Nov.-Dec,

Fig. 6. Televised fiuoroscope of Vs in. steel.

the sensitivity required for most nidustrial ap-

plications. The techniques of image intensification

are therefore employed to increase the sensitivity

of fluoroscopy to meet inspection requirements.

X-ray fluoroscopy, then, is a nondestructive tool

which is finding ever-increasing use in industry

where rapid inspection results are desired, and

where the sensitivity of film radiography is not

necessary for the industrial process.

References

1. Burger, G. C. E., Combee, B., and Van der

Tuuk, J. H., "X-ray Fluoroscopy with En-
larged Image," Philips Tech. Rev. (Nov.,

1946)

2. Criscuolo, E. L., and Polansky, D., "Improve-

ments in High Sensitivity Fluoroscopic Tech-

niciue," U. S. Naval Ordnance Laboratory,

White Oaks, Md.; J. Soc. Nondestructive

Testing, (Jan-Feb., 1956).

3. Garrett, C. and Morrison, A., "Fluoroscopy with

Gamma Ravs," Nucleoriics 9, 3, 44 (Sept.,

1951)

4. O'Conner, D. T., and Polansky, D., "Theoreti-

cal and Practical Sensitivity Limits in Fluor-

oscopv," U. S. Naval Ordnance Laboratory,

White Oaks, Md., J. Soc. Nondestructive

Testing (Fall, 1951).

5. O'Conner, and Polansky, "The Feasibility of

Fluorographv Above 150 kv;" U. S. Naval

Ordnance Laboratoiy,

Soc. Nondestructive

6 Pulk R A., and Seppi, F., "Survey and Analy-

sis of Factors Involved in High Voltage

Fluoroscopv," Detroit Arsenal Report 4311,

Oct., 1958.
'

^ _. , ^^ ,^

7 Remus, 0., et al, "Analysis of High \oltage

Fluoroscopv in Industrial Applications,

OTAC Report RR-40, Apr., 1961.

8 Remus, O., and Bowman, D., "Fluoroscopic

Methods of Weld Evaluation," Welding and

Metal Fabrication 29, No. 8 (Aug., 1961)

9 Sarna, D. S., and Wilburn, D., "High Energy

X-rav Fluoroscopy with Sohd State Panel

intensifiers," J. S.N.T. 19, No. 5 (Sept-Oct.,

10. Sturm, R. E., and Morgan, R. H.. "Screen In-

tensification Svstems and Their Limitations,

Am. J. Roentgenol. Radium Therapy (Nov.,

1949)

11 Van Allen, W. W., "Characteristics of Lom-
mernal X-rav Film and Screens," Annual

Public Health Report, Revised, 1951.

12. Wilburn, D., "Industrial Fhioroscopic Inspec-

tion bv Electroluminescent X-ray Convert-

ers," Electronics 34, No. 37, Sept., 1961.

Otto Renius

FLUOROSCOPY, REMOTE, IN THE 2-MEV RANGE*

Industrial radiography in the 1 to 2-Mev range

is now a routine procedure, and exhaustive studies

have been made in the field of 1-Mev fluorog-

raphy.^ Fluoroscopy in this range has, however,

never been seriously attempted for several reasons,

the foremost being the protection problem. Per-

formance of a closed circuit television system be-

low 250 kvp has previously been reported,'- ^ and

a thorough evaluation of this system was recently

undertaken by McMaster.* The following study

covers its capabilities in the 2-Mev range and

points to additional fields of appUcation.

Screen intensifiers existing today have made

definite contributions in the field of fluoroscopy be-

low 150 or 250 kvp. However, they must compete

with improved fluoroscopic techniques and equip-

ment'^' " in this range. Beyond this range, protection

problems increase and fluorescent screen efficiencies

fall off. The remote viewing possibility and greater

available amplification of a television system be-

come attractive under these circumstances.

Description of Equipment. The source of radia-

tion was a 2-Mev Van de Graaff X-ray generator

producing 75 r per min. at 1 m.' Its 1-mm spot

focal was small enough to justify neglecting the

calculation of minimum perceptible defect with the

geometry used. The high radiation dosage de-

livered by this generator has a favorable effect on

the resolution of the television system, since this

resolution is a function of screen brightness.

A closed circuit television system using 1029

scanning lines and low noise, high gam amplifiers"-
^

was used. The system itself is composed of a de-

tector unit, incorporating the fluoroscopic screen,

* Abstracted from article in ASTM Bulletin, No.

232 by permission.
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lens, television pick-up tube, and input amplifiers;

and a remote viewing console incorporating drive

units, pulse former, and amplifiers as well as a

10-in. kinescope viewing tube. A "wide-spaced"

Image Orthicon of the 6849 type and a 10UP14
semipersistence kinescope tube were used for the

penetrameter investigations while a short per-

sistence 10SP4 kinescope was used for the fluoro-

scopic screen brightness m.easurements.

The fluoroscopic screen is viewed through a

45-deg front-surface mirror designed to keep the

primary radiation off the Orthicon tube and lens.

Both a 10 by 10 in. and a 17 by 17 in. standard

fluoroscopic screen were viewed at 28 and 64 in.

from an //0.75, 110-mm lens, using a wooden ex-

tension tunnel. The monitor unit was placed next

to the X-ray control panel.

The effective resolution of the entire system is

governed by the empirical formula

:

^/Ug" + Us' + Utv

where
Ug = the geometrical unsharpness.

Us = the screen unsharpness, and
Utv = the television system unsharpness.

With a 10 by 10 in. kinescope viewing screen, the

optimum television system resolution occurs when
the vertical and horizontal line resolution is ap-

proximately equal. With a 1029-line scanning sys-

tem, 103 lines are lost in retrace, leaving 926 the-

oretically available. Spreading these over a 10-in.

viewing screen gives 92 lines per inch. At low con-

trast ratios and the usual inability to obtain the

total theoretical resolution, this factor reduces to

a minimum perceptible defect of somewhat less

than 1/32 in. On small objects, optical and X-ray
magnification can improve this by three to five

times.

Radiation Dose. Since the Van de Graaff gen-

erator produces approximately 75 r per min at 1

m, the calculated dose rate at 24 in. target-to-

screen distance (TSD) was 202 r per min and at

16 in. TSD, 450 r per min. With a frame repetition

rate of 30 per sec this, in turn, represents a tele-

vision frame exposure of 112 and 250 mr per frame.

This is an extremely high dose rate if one considers

that perceptible images can still be produced with

this system at 0.028 mr (80 kvp, 5 mr per min)- per

frame.

The efficiency of zinc-cadmium sulfide screens in

the 2-Mev region is cjuite poor compared to that

attainable in the low kilovoltage range normally
used. While the maximum efficiencj^ of such a

screen is approximately 30 per cent at 140 kv, it is

estimated to be in the order of a few per cent at

2 Mev.^ Since the production of light photons in a

transducer is inversely proportional to the wave-
length ratios, the screen is, in effect, more sensitive

to the longer wavelength scatter radiation than to

the primary radiation. However, due to the high
dose rate used and good scatter control, the results

were encouraging.

Penetrameter Sensitivities. Penetrameter sen-

sitivity improves measurablj^ as material thickness

increases, provided there is sufficient primary- beam

energy, since it is no longer limited by the mini-

mum detail a television system can reproduce.

Target-to-screen distances of 16 and 24 in. were

used. Two different screen sizes were used to de-

termine the relative effect of lens resolution and
distance on over-all performance. Essentially the

same penetrameter sensitivities were obtained

throughout the range of material thicknesses in-

vestigated with slight evidence that the greater

screen-to-lens distance improved the sensitivity

somewhat. This may be because the eye can more
readily discern contrast differences when the den-

sity edges are sharp. It should be remembered,
however, that the minimum perceptible defect in-

creases at larger lens-to-screen distances.
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paratus and Techniques.

FOLD (CONVOLUTION, FALTUNGS) INTEGRALS IN THE

THEORY OF X-RAY INTERFERENCES*

General Relationships. The fold-integral in

X-ray fine structure investigations was introduced

* This article by Dr. R. Bonart was translated
from the German b}' the Editor, who is solely

responsible for any errors and misinterpretations.
For those unfamiliar with a mathematical opera-
tion known as convolution, fold, the end result of

the folding operation, and "Faltungs," retained
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by P. Ewald and J. J. Herrmans but in the work

of R. Hoseman the most far-reaching and impor-

tant applications have been attained. By means

of several special examples the meaning of the

fold-integral for the mathematical formulation

of interference theory will be illustrated. First,

several general relationships will be indicated.

The fold-integral or fold-product of two position

functions gi{x) and g^ix) is defined by the fol-

lowing:

g^(x)g'2{x) = /

J re

giix - x')g2{x') dv. (1)

Here x and x' are position vectors independent of

each other, and dv.' is the volume element cor-

responding to x'. The integral extends over the

entire space.

As is easily demonstrated, the fold-product is

commutative

gi{.x)g2{x) = g-i{x)gi{x)

and distributive

from the German, are alternative terms. P. P.

Ewald was first to suggest the use of the operation

in crystalline fine structure analysis m a paper m
Proc.Phys. Soc, 52, 167 (1940). The convolution

transform is defined in an article on Integral

Transform, McGraw-Hill "Encyclopedia of Sci-

ence and Technology" Vol. 7, p. 165. In the new

commemorative volume "Fifty \ears of X-ray

Diffraction," 1962, published for the International

Union of Crvstallography at Utrecht, Netherlands,

the editor. Dr. P. P. Ewald, makes the statement

on p 112: "What happens if the measured {tk]

themselves are used as coefficients of a Fourier

series? The answer was given m 1934 b:^ A. L.

Patterson: the summed series represents the con-

volution or fold of the electron density distribu-

tion in the crvstal. To explain this term let us

assume that the base of the crystal contains point

atoms of masses m' at positions x\ We can then

draw all the vectors connecting one atom with any

other one, i.e., x^^' = x^ - x^', from one origin

letting each end in a weight which is the product

mass m'" = m\ m'\ If the same distance occurs

between several atoms, the total weight at the

end of this vector will be the sum of the individ-

ual product masses. It is easily seen that all vec-

tors will lie within a cell equal to that of the 8

crystal cells which have the origin in common.

We will call the space in which we perform this

construction Patterson space, and the distribution

of product masses in it the self-convolution or

fold of the mass distribution in the crystal cell.

(Patterson himself uses the term "Faltung," ihid.,

p. 620—Ed.) ...The great virtue of the Patterson

function is that it can be constructed by Fourier

summation with the real, positive, observed values

of |F;, pas coefficients: Therefore, also, projections

and sections can easily be calculated m Patterson

space, in contrast to crystal space. Patterson maps,

i.e., two-dimensional representations of the pro-

jected product mass distribution by means of con-

tour lines, are thus really an alternative represen-

tation of observational data. As such they do not

help solve the phase problem but they change it

to a geometrical and often more appealing form,

namely to the problem of unfolding the folded

distribution (ital. by Ed.)." It is hoped that these

extracts from articles written in English will serve

as an introduction to the following article.

400

(la)

gi{^){gli^) + d^(^)\ = giix)g-2{x) + gdx)gz{x). (2)

The integral over a fold-product is equal to the

ordinary product of the two integrals over the

single fold-factor. With the volume element dvx

corresponding to x the following expressions are

derived:

\ gMg^ix) dv, = jf giix - x')goXx') dv.- dv,

= / gi{x) dv. \ giix) dvx

The first moment of a fold-product of two nor-

malized functions hi(x) and hiix) with

and

hiix) dv.

Jhyix) dVx = 1

is defined b}^

X =
f
xh.i^M dv

I! xhiix - x'Viiix') dv.'-dv.

x", dv. = dv." theWith the substitutions x — x , _

eciuation for the sum of the first moments (5)i

and (5.2) from h^{x) and hiix) goes over to

X = / xhi{x)h2{x) dv.

= \ x"hi{x") dv.,, + / x'h^ix') dv,.
(3)

= (x)i -I- (5)2

Analogously the fluctuation squares of hi{x)h2{x)

are given bv the fluctuation squares of hi{x) and

h2{x) individually. With the substitution x -

x' = x" there follows by trivial calculation based

on Eq. (3)

Ai' =
f

U
^ 00

-c)%i{x)h2{x) dv.
(4)

mi - ix% + (^')2 - (5^)2 = (Ax2)i + {Ax%
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where

and

(Aa:2)2 = (52)2 - (52)2 = {x X2}'^hi.{x) dvi

are the fluctuation squares of /ii(a:) and h^ix). On
the basis of rectilinear coordinate systems Eq.

(4) applies for each set of coordinates. The Fourier

transform of the fold-product is equal to the

ordinary product of the individual transforms:

f{gi{x)g2{x)] =
f f

gi(x- x')g,{x')e-'-

•'OO ''00

= 11 ^i(^ - x')e-^"^^'=-^'^g2(x')e-^"^^

»' on »' QO

(5)

where /{ •
• •

ier integral

dv^.^.dvx' -= J[g\{x)]f{gi{x)\

is a shortened symbol for the Four-

I dvx.

The ordinary product inverted goes into the fold-

product

f{gi{x)]J{g2{x)\ = f{gx{x)g2ix)\ (6)

In combination with the corresponding inverse

transforms Eqs. (5) and (6) describe the fold-

theorem of the Fourier transform.

The special fold-product

g{x)g{-x) = gK.) =
/

gix - x')g{-x') dva

I

(7)

= g{x -\- x")g{x") dvx

is designated by R. Hosemann as the fold-square

g'^ix) of g{x). It is obviously always centrosym-

metric, since by Eq. (la) in each case

g{x)g{-x) = g{-x)g{x), and gKx) = gK-x).

Especially when g{x) is a pure real number the

absolute square of the transform of g{x) is given

by the expression (cf. Eq. (5))

fig'ix) f{gix)}f{g(-x)} I{g{x)\

This relation justifies, in a certain manner, the

designation Fold-Square, for the fold-product

consisting of two different factors g{x)g{— x).

The fold-product of a chosen function g{x) is

related in meaning to the Ewald Point function.

This is defined as

P{x - xk) =Q, for \x - Xk\> h ^0,

with / P{x - Xk) dvx = 1

where Xk is a special position vector. The range of

existence 5 is small in comparison with coherence

for the time being of dimensions of interest, but

used in distinction to the existence range of

Dirac's 6-function not approaching zero. In the

fold-product

g(x)P(x — Xk) L gix - x')P{x' - Xk) dv,' (8)

the function g{x — x') against the vanishingly

small existence range 5 can be drawn with x = x'

as a constant for the integral. Since the integra-

tion over P{x — Xk) gives the value one, it follows

that

')P(a; - Xk) = gix - Xk). (8a)

The fold with a point function consists merely of

a parallel translation of the vector Xk

The fold-product of two point functions is in

corresponding fashion given by

P{X - ^Xk)P{x - Xl) = P{X - {Xk + xi]).

Furthermore the fold-square is equivalent to the

sum of two point functions
2

{P(X - Xk) + P(x - Xi)\

I
=

/ {P(x - Xk+ x') -h P(x - xi-{- x')\

{P{x' - Xk) + P{x' - Xl)] dv,r

(9)

= P{x - Xk-\- Xk) + Pix - Xk-V Xl)

+ P{X - Xi+ Xk) + Pix - Xl + Xl)

= 2P(x - 0) -i- Pix - {xk - xi\)

-f Pix - {Xl - Xk}).

The resulting point functions correspond to the

vector differences Xk — xi and xi — Xk between

the starting points Pix — Xk) and P{x — xi) as

well as the 'distance' zero of each point to itself.

The result is simply that the fold-square is the

sum of any of many point functions.

The Hoseman Q -Function. If one considers

the structure-independent factors such as the

Thomson or the Lorentz factors, the coherent

scattered X-ray intensity according to the geo-

metric interference theory is expressed as the

absolute square of the amplitude function

Rih) 'L pix) e-^^'^"" dv^

Here pix) is the electron density distribution in

the scattering body V is the volume of the ir-

radiated sample, e is the base of natural logarithms
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and i is the imaginary number. The reciprocal

vector h with the dimensions PsT^ is defined b}'

s - Sn , _ , 2 sin

with the dimensionless vectors So and s the pri-

mary and scattering directions related with the

wavelength A and the scattering angle 26. With

a suitable Ewald form function = 1 in case x

in the irradiated sample volume V terminates as

s{x), Qi = for all other position vectors x, then

there can be written

R{h) = j p(x)s(x) e-^^^'^' dv, ^ f\p(x)s{x)l. (10)

With the conjugated complexes therefrom

R*{b) = / p(x')s(x') e+2-^''^' dv,'

and the substitution x — x' = x" , dvx = dvr",

there follows for the intensity function

7(6) = R(b)R*{b)

=
f f

p{x)s{x)p{x')s{x') e-2"(---'> dvrdv,'

=
f I f p(-r" + J-')sU" + x')p(x')s(x') dv,\

Within the brackets the fold-square of the electron

density distribution in the irradiated sample

volume is the expression of the Hosemann Q-

Function

Qix) L ){x + x')s{x + x')p{x')s{x') dv.

(11)

p{x)s{x)

of the structure p{x)s{x). The intensity function

is also entirely generally given by the Fourier

transform of the Hosemann Q-Function

Hh) =f{Q{x)\ (12)

which in turn describes the total distribution of

distances between all scattering centers in the

structure p{x)s{x) (Eq. 9). Correspondingly

the substitution x - x' = x" is the argument of

the Q-Function as a distance of separation vector,

while the argument of the structure p{x)8{x) is a

position vector. If this distinction is not observed,

misunderstanding is easily possible.

Considering an indefinitely extended structure,

a suitable normalizing procedure, for example

\Q{x)\ = lim
/...

SX + X')pjyx') dVr'

L Xx') dv. (13)

and [7(6)1, = f{[Q(x)U

can be carried through. In the special case of an

ideally periodic crystalline structure the norma-

lized Q-Function [Q(x)]tJi degenerates into the

classical Patterson function

[Q{x)l^Fa,Uix)
-'cell

(x + x')p^(x') dih

L

(14)

Xx') dv.

since the integral in Eq. (13) is used as limited

only to one single lattice unit cell. (For the

connection of the normalized Q-Function with

the a priori statistics of liquid state theory of

Debye and Menke, see Eq. (20), and with the

correlation function of the theory of small angle

scattering according to Debye and Buche see

the article on Paracrystals).

Description of Slructure According to P.

P. Ewald and the Expected Value of the Hose-

mann -O -Function. Structures p„(x), which

are to be considered exclusively from identical

building units—identical atoms, or unit cells, or

identical and equally oriented molecules—are

determined by the distribution of electron density

within a single building unit and by the spatial

arrangement of the mass points of the unit

P(x - Xk). For an infinitely extended structure

one can write with P. P. Ewald by the use of Eq.

(8a)

pjx) = Jl p^(^ - ^k)

Xx) Y. P(-^ - ^^^

where

pjx) = Z P(^
k

Xk) (15)

designates the spatial arrangement of the building

unit mass points. If the considered structure is

within a limited volume then by the Ewald form

factor function, s{x) (Eq. 10), the expression

p{x) = p(x)\p^^{x)s(x)\ (16)

can be written. Thereby through multiplication

by s(x) of the infinitely extended point structure

a suitable partial structure, so to speak, is screened

or cut out.

For the Hosemann Q-Function of Eq. (16) it

follows from Eqs. (la) and (11):

Qix) = p{x)p{-x) = po'ix){pJx)s{x)}



403 FOLD INTEGRALS

This expression gives all the distances between

atoms in p{x) exactly again. Of opposite interest

in general are only the so-called statistical param-

eters, which are the principal mass position sepa-

rations and the statistical scattering about these

positions. On this account it is advisable in pass-

ing to the expected value of the Q-Function to

eliminate excessive detail. Here it is assumed

that the unlimited point structure p^(x) with

respect to s(x) is statistically homogeneous. All

partial structures p^(x + ^)s(x) at any position

^ screened from p„{x) through s(x) also within

statistical limits of error can be characterized by

the same statistical parameters so that all Q-

Functions

Q(x,^) = poKx){pJx + Os(x) (17)

are statistically equivalent. The average value of

Qix,0 over ^

Q(x) lim ^ f Q(x, dv^

is then the predicted value sought. Obviously,

only the average value over the expression in

brackets in Eq. (17) is used. Introduced into Eq.

(16) there follows

IpJx + ^)s{x)

Y. P(x + x' + ^ - xMx + x')

k

•XI P(x' + ? - xi)s{x') d,V' dv^
I

With the substitution x' -\- ^ = x", dv^ = dvx"

the integration range V{ goes over in the equally

large but around —x" translated range to F^" .

While each x" varies only within the range indi-

cated by s{x'), Vx" is without limitation. The
changing displacement of Vx" about x' can be

neglected on this account so that the two inte-

grals are practically independent of each other.

The integral over x' is equal to the fold-square of

the form function s{x), while the integral over ^

or x" is essentially expressed as the normalized

Q-Function [Qp{x)]n from p^(x). (Eq. 15). By
expansion with

L T.Pix" -xi)dvx" = N{yx-')
I

where N{Vx") is the number of structure points

of p^{x) in volume Vx" , it follows that

1 r °°

lim / ^ p(x +
y/'->00 Vx" Jy^>, k

Xk)

(18)

Yl HX" - Xl) dVx" = — [Qp{x)]n
I y r

with the average point density

1 ,. N(Vx")— = lim ——
Vr F/'-oo Vx"

in p^(x). For the N{Vx") structure points P(x" -
x\) those in the integration volume Vx" lie ac-

cording to Eq. (9) according to

I.
Pix + x" - Xk)P{x" - Xl) dvx'

P(X - [Xk - Xl}).

For all structure points outside of Vx" the inte-

gral in Eq. (18) equals zero. Accordingly the

normalized Q-Function of p^(x) runs

[Qp{x)]n = lim

(19)

v,,,->^NiVx")

Z JlP(^ - i^'k - Xl])

I
k

N{Vx")

where the summation ^ is over the NiVx")
I

structure points in the integration volume Vx" .

Each distance between two structure points

Pix - Xk) and P{x - xi) in p^(x) corresponds t o a

point function

P{x\xk - xi\) in [Qp(x)]m .

The a priori statistics w{x) from the fluid theory

of Debye and Menke through

[Qp(x)]n = Pix - o) + — mix)
V r

(20)

is connected with the normalized Q-Function

(Eq. [19]). In the predicted value

Qix) = - Po'(x){[Qpix)]nHx)}
y r

(21)

the parameters poix) of the building unit struc-

ture poix), the reciprocal building unit arrange-

ment p^ix), and the outer form six) of the crystal-

lite or in general the coherent range are separate

from each other. On this account it is propor-

tionately easy to handle and analyze these prob-

lems. For the intensity function 7(6) the following

expression holds by observation of Eqs. (12) and

(21):

Kb) = fl'Qix) } = yl Poib) |2 Z(&7| sib) h . (22)

In this the lattice factor Z ib) = f{[Qpix)]n} gives

the scattering angle at which crystal reflections

or, in general, intensity maxima can be observed.

Through the form factor
\ Sib)\^ = f{sHx)] the

crystallite size effect is corrected. The fold with

I

5(6)|2 produces a broadening of the reflections,

which is stronger in effect the sharper the maxima
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of the lattice factors are (cf. Eq. (4) and Para-

crystals, p. • •)• The building unit factor
|
Roib)\^

in return fixes the integral intensity of the reflec-

tion.

Imperfection Effects and Fourier Synthesis

by Means of Fold -Integrals. The intensity

function (Eq. [22]) applies to the interference

effect of a practically infinitely extended ideal

crystal. The form factor
|
>S p is point-shaped so

that it can be neglected in the consideration of

relative intensity relationships. Furthermore the

lattice factor of an ideal crystal can be considered

a constant through a summation of the Ewald
point functions in the reciprocal lattice points

b = hn,OT Z(b) Y. P(b - bh,,,) (23)

where hi23 = hi , h? , hz , the Miller indices. In

the special case of an infinitely extended ideal

crystal the Fourier inverse transform of the in-

tensity function is proportional to the Patterson

function (cf. Eqs. (12) and (14)). Thus the fol-

lowing expression holds:

Patt(a-) = -f-M/(6)} = i-'{\Ro\'Z\

L I

Roib)

J2 P(b - 6.:.,,) e+2'

(24)

dvi

If one draws the summation sign and the function

1 7^0 (6) |2 and e^^"^"^ with b = b,nn before the inte-

gral, there is obtained on account of normalizing

I P(.b - bhiis) dvb = 1.

(24a)

Patt(a-) = - E I

7^0(6.123) N+2-&-
^1123

The value of the building unit factor
]
Ro(b)\^ in

the reciprocal lattice points b = 6;,i23 will in

general indicate the structure factor
1
Fh^z I-

They exhibit the experimentally measured mag-

nitudes. Regarding the geometry of the Ewald
diffuse sphere the values of

] Fh,i3 1^ determinable

only experimentally within a limited mass range

(hi < Ni , h2 < N2 , hs < N3). In practice, then,

the Fourier synthesis of the Patterson function

(Eq. [24a]) can be only incompletely carried out.

From this comes the result upon the ground of the

experimentally determined data

{Patt(x)}„p = Z I
^M23 h

e+2«6M23x (25)

^1123

The exact Patterson function (Eq. [24a]) is the

more nearly approached the greater the range of

measurement Nm = Ni , N2 , N3 . The discrep-

ancy is known as the imperfection effect. This can

be easily estimated if in analogy to the Ewald
form function a measurement range function in

6-space is introduced: Msib) = 1 designates in

the case of the position vector b a point in the

measurement range;

and Ms(b) = (26)

for all points outside of the measurement range.

With this the measurement range can be written

for limited information as

7e.p(6) = lib)Msib) (27)

In the case of the fold-theorem there develops

similarly to Eq. (25)

|Patt(2-)}e.p = f-'{Ie.pib)\ = Fsdii'^hix) (28)

where

nisix) = t'{Msib)\ =
J

Msib) e+^.^^x ^vt (28a)

is the inverse transform of the measurement range

function Msib) Relative to the Patterson function

TTigix) acts as a precision function. For the value

of the fold-product

Patt(x)w,(2-) Patt(j- - x')msix') dvj,'

on the position x there is produced also the value

of Patt(x), besides all values of Patt(x - x' ) in

the environment around x. The magnitude of the

neighboring environment is given by the existence

range of the function nisix'), most simply char-

acterized by the integral volume

/ nisix) dvr

JUsio)

and its relationship to the measurement range

volume Vm With

lim e+2'»"&^ -^ 1

there is obtained directly out of Eq. (28a)

ni.io) = f Msib) dvb = Vr.

.

J CO

On the other hand there is derived in similar

fashion

/ msix) dv^ = Msio) = 1

if one foregoes consideration of the here meaning-

less limitations of the measurement range to small

scattering angles and sets Msio) = 1. On the whole

the precision volume, Vm , is reciprocal to the

measurement range volume, VM, so that the

unsharpness or smearing in Patt(a;) with VM
approaches zero. On account of the variable

defects of Msib) at the boundaries of the measur-

ing range msix) shows secondary maxima. On
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this account the variable measuring range func-

tion (Eq. [26]) is partially replaced by a generally

constant function M (b) which falls off from

M (o) = 1 on all sides as constant and monotonic,

so that at the limit of the measuring range is

exactly equal to zero. In this manner the precision

of 7n(x) or Vm deteriorates, for which it is possible

to preserve errors within close limits. Instead of

Eq. (25) the expression

{Patt(a:)l„p = E \
Fh,,,\' M(bt,,,) exp-^^-^^hi^z.

is used where M (6^123) (1 > M > 0) designates the

artificial temperature factor. By a critical con-

sideration of Eqs. (25) and (27) it develops that

the structure factors not measured by no means
remain unknown, but are arbitrarily set equal to

zero. Eq. (27) especially produces an extrapolation

of the measured value over the measuring range.

Since the Fourier integral applies over the whole
space, one is compelled in each case to make such
an extrapolation. Although only the extrapolation

given by Eq. (27) is without doubt especially

simple, in no case can it be viewed as physically

sensible and is not made correct. It is far more
correct to write the unmeasured plausible values

of
I
Fhi-iz\'^ as zero, and indeed on the basis of the

structure laws, the structure factors within the

measuring range. By all means the practical value
of such an extrapolation lies in the fact that the

generally laborious work of calculation of each
Fourier synthesis is greatly diminished by Eq.
(25). Partial recording even of measured structure

factors proportionally decreases the work of

calculation.

The following consideration by Hosemann
makes possible in many cases an entirely satis-

factory simplification of Fourier synthesis and
provides the only complete interpretation of the

extrapolation mentioned above. Hosemann pro-

ceeds from the expression

t'\\Ro{h)\'^Z{h)] = po'(x)Z(x) = Fsitt(x) (29)

wherein

PoHx) = tm R^(h)\^}

is the fold-square of the building unit function

Po{x), and

Z(x) =/-i{Z(6)} = E Pi, PlCl P2C2 — P3C3)

is the point structure of the crystal lattice with
the lattice translations ci , C2 , Cs . (In general

the inverse transformation of the lattice factor

Z(6) is given by the normalized Q-function

[Qp(x)]n of the basic point structure. In the case

of a simple primitive ideally periodic lattice

Qpix)]n is actually identical with the point

structure p^{x) itself, so that z(x) = [Qp(x)]n =
p„(x)- Herein the crystal lattice is known as soon
as the reflections in the interference diagram and
the

I
Fhuzl^ ^re identified with the proper indices.

The experimentally determined structure factors,

then, by the arrangement of suitable analytical

functions Gi(b), can be used to interpolate and at

the same time reasonably to extrapolate; if the

inverse transformations gi(x) = f~^{G[{b)\ are

known, then immediately the analytical expression

for po^ and at the same time for Patt(x) can be
derived. If necessary several remaining Fourier
summations {IFhinl"^ — Gi{b)e^^'''bhi2z are put
into the calculation if some of the

| Fhuz \^ values

deviate from the interpolation curve y^J=iGi(b).
The numerical calculation of the Patterson func-

tion involves no longer any great amount of

trouble.

The extrapolation of
| Fhns \^ over the measur-

ing range is without doubt affected with some
degree of uncertainty. This remains disregarded

in the present considerations, since this refers

much more to the eventual discrepancies between

\Ro(b)\^ and J27=iGiib) in the interior of the

measuring range, if all measured
| Fhns \^ lie

exactly on the interpolation curve. Such devia-

tions are limited if necessary so that one and
the same infinitely extended ideally periodic

crystal structure can be split up in different ways

into building units and
|
i2o(6)|' or J^7=i Gi{b)

under these circumstances applied to the various

building units. As an example in a simple primi-

tive lattice the atomic mass points can be chosen

at the corners or center of the cells. In an extreme
case the single cell may not even be used as a

simple coherent space domain.
The structure and the Patterson function ob-

viously remain undisturbed by the different

schemes of splitting up building units. Caution
is required only if the inverse transformation is

set equal directly to the sought fold-square,

without calculating the complete Patterson Func-
tion (Eq. [29]). The Hosemann method proves

to be especially pertinent, if not the Patterson
Function, but only the structure is ascertained,

if the phase problem is already solved also. This is

conditioned through the favorable circumstance
that the form-amplitude f{b) of the atoms or

ions in far-reaching, good approximation can be
described by sums of a few Gaussian bell curves

pib) = Z G.(6), withG,(&) = a.e--'^S'
1=1

whose inverse transformations are again bell

curves.

gM = f{GM\
a/tt oii

So also the structure amplitudes can be traced

back to the ultimate limits of the bell curves.

Hosemann and associates were able by this method
to determine the electron density in NaCl crystals.

Reference

Hosemann, R., and Bagchi, S. N., ''Direct Analy-
sis of Diffraction bv Matter," Amsterdam,
North Holland PubHshing Co., 1962.

R. BONART
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FOOD PRESERVATION BY IRRADIATION

Historical Development and Sponsorship.

Upon the basis of the long-known bactericidal ef-

fects of X-rays, gamma rays, and beta rays, as

well as prevention of sprouting of potatoes in

storage and similar radiochemical and radiobio-

logical changes, the Army Quartermaster Corps

first started a serious effort to exploit the potential

of food irradiation in 1954. Its prime objective w^as

food which could be stored without refrigeration

for extended periods, since there was a desire to

introduce new flexibility into the mihtary food

supply system and incidentally trim costs. A num-

ber of areas of research were established relating

to effectiveness in destroying microorganisms re-

sponsible for spoilage, packaging, wholesomeness,

and radiation sources. An intensive research pro-

gram was instituted, under contract, in laboratories

of the government, academic centers and the can-

ning industry, with remarkable progress in only

eight years.

In 1957 the Department of Defense approved

the QMC plan to build an ionizing radiation center

at Stockton, California, at a cost of $7.5 milhon,

to provide radioisotope (Co^° gamma rays) and

linear accelerator sources. As the result of un-

expected complications reciuiring further extended

research to dispel growing fear of deleterious con-

sequences of food irradiation, the Stockton con-

struction was suspended in 1959. Under a new six-

year $5 million program started in 1961 shared by

the Army and the Atomic Energy Commission (to

utihze radioactive wastes from nuclear fuels), the

Army is concentrating on long-term preservation

(without refrigeration) of meat bv high sterilizing

doses of radiation (2 to 4.5 megarad) ; the AEC
is exploring commercial feasibility of low pasteur-

izing doses of radiation (under 1.0 megarad), to

extend refrigerated shelf hfe of fruits and marine

products. The latter program has been seriously

hampered and delayed thus far by a drastic cut

in funds for 1963 resulting from refusal of the

Bureau of the Budget to approve any money for

the project (which possibly may be restored by

Congress). Meanwhile, the Army has moved ahead

and in July, 1962, completed construction of a new

radiation laboratory at Natick, Mass., headquar-

ters of the Quartermaster Research and Engineer-

ing Command. Here, primary emphasis is on high-

dose treatments of pork, smoked ham, chicken,

and beef. (''Microbiological Aspects," from a re-

port to the Seventh Contractors' Meeting, QMC
Radiation Preservation of Foods Project, Chicago,

June, 1961, by M. D. Schneider, et al.).

The most important objective in radiation

preservation of foods is to establish scientific cri-

teria for freeing various foods from inherent micro-

biological and toxicity problems. Fortunately,

vegetative forms of microorganisms with few ex-

ceptions need to absorb relatively low doses of

ionizing energy to be totally inactivated; but, un-

fortunately, rays have not shown comparable re-

markable lethal effectiveness against sporulating

bacteria such as Clostridium botulinum, a serious

toxic source. SteriHty endpoints in irradiated foods

incubated for 1 year at 85 'F are indicated by the

following

:

Radiation Dose,
megarad

Food

Spoilage
No

Spoilage

Room Temperature Condition

Whole kernel corn in brine 2.88 3.26

Ground parboiled beef 2.60 2.79

Cream of Chicken soup 2.60 2.79

Freezing Temperature Condi-

tion

Peas in brine 2.42 2.79

Ground parboiled pork 3.44 3.72

Cream of chicken soup 3.35 3.52

Hence absolute sterility of foods seems to necessi-

tate a dosage of 3 to 4 megarad.

Chemical and Sensory Changes in Irradiated

Foods*. Irradiation processing of foods was ini-

tially proposed as a method of food preservation

because of its known ability to inactivate or de-

strov microorganisms, including those of the spoil-

age type. It is immediately apparent, therefore,

that ionizing radiation is capable of producing

chemical changes in the material of organic matter

and therefore in the components of foods. What

could not be apparent was the amount and nature

of these changes, and specifically the desirability

of these changes from the standpoint of the pro-

ducer and consumer of irradiation-processed foods.

It was necessary, therefore, to undertake an ex-

tensive research program in order to study these

changes and to evaluate their impact upon the

quality of the processed foods. This survey will

consider the chemical changes observed and their

effects upon the flavor, appearance, and texture of

some selected tvpical food items.

Chemical Changes. Food stuffs are composed of

varying proportions of proteins, lipids, and carbo-

hydrates in an aqueous dispersion w^ith smaller,

but often important, components including vita-

mins, minerals, pigments, etc. All of the compo-

nents are subject to chemical reactions resulting

from the impact with ionizing radiation. These

may be direct or indirect effects depending upon

whether they result from impact upon the sub-

strate or from the ionizations in the wake of the

impacting particles.

The reactions of water, the major component

of many foodstuffs, are well-characterized. For

this review it is sufficient to say that all possible

ions and free radicals of oxygen and hydrogen,

alone and in combination, have been reported.

These ions and radicals may interact with each

other, producing both inert and reactive com-

pounds, or with other components in foods. In all

probability the majority of radiation-induced

*A report by A. S. Henick, to Seventh Con-

tractors' Meeting, QMC Radiation Preservation of

Foods Project, Chicago, June, 1961.
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reactions in food components are of the indirect

type—that is, are reactions with ions and radicals

from the water.

Reactions of Proteins. Protein studies have been
aimed primarily at determining those irradiation-

induced reactions which cause changes in the qual-

ity of food products with a view^ toward reducing

or counteracting the undesirable effects. A sec-

ondary but very important interest is in the ac-

Cjuisition of a better understanding of the damag-
mg effects of ionizing radiation upon protein and
nucleoprotein of microorganisms and their rela-

tionship to microbial destruction. This study has

proceeded in two directions: investigations of the

constituent parts of the molecule—the amino
acids, and of the intact macromolecule itself.

Amino acid studies were undertaken because such

systems are simpler and therefore easier to control

than those of the complex protein macromolecules.
Arnino acids: The principal reactions in the

decomposition of amino acids in solution by ioniz-

ing radiation are deamination and carbonyl for-

mation at the a carbon. Products include am-
monia, hydrogen, carbon dioxide, formaldehyde,
formic acid, the parent fatty acid, the fatty acid of

one less carbon, and the amine of one less carbon,

as well as the a keto acid. All products are formed
when radiation is conducted in the presence or

absence of oxygen, but the presence of oxygen sup-
presses reductive deamination to the parent fatty

acid and enhances oxidative deamination to the
acid with one less carbon.

The extent of these reactions when the amino
group is bound in peptide linkage is not entirely

clear. Deamination of N-terminal amino acids in

insulin has been reported. The inner amino acids

of peptide chains would not be expected to
undergo deamination unless it were preceded by
hydrolysis. The possibility of such cleavage has
been reported in experiments with simple di-

peptides, such as glycyl glycine.

Sulfur-containing amino acids, cysteine, cystine
and methionine appear to be especially suscepti-

ble to the free radicals produced by radiation.

Cysteine is oxidized to cystine, cystine is subject
to oxidative breakdown with the formation of hy-
drogen sulfide and other products, among which
have been reported the sulfonic acid, cysteic acid.

Sulfinic acids would also be expected. Methionine
has been impHcated as the precursor of methyl-
mercaptan in irradiated meat.
The ring-containing amino acids, phenylalanine,

tyrosine, tryptophan, histidine, and proline are
also subject to profound changes. The first three
contain a benzene ring which is subject to hy-
droxylation. Cleavage of the imidazole ring of

histidine has been postulated, and the destruction
of proline reported.

Some of the amino acid reactions mentioned
above may be important in the flavor changes
produced by irradiation. None appear to result in

measurable decrease in the content of essential

amino acids in irradiated protein, although con-
siderable losses of amino acids have been reported
from several proteins.

Proteins: Irradiation results in denaturation,

fragmentation, and polymerization in proteins. De-
naturation has been measured chiefly by altera-

tion in viscosity or in solubility. Changes in solu-

bility have been observed to continue long after

irradiation had ceased. Irradiation effects upon dry

proteins are not identical to those on protein solu-

tions. In general, dry proteins fragment, whereas

solutions tend to polymerize.

Changes have also been reported in the binding

capacities of irradiated protein. Lipoproteins, both

natural and synthetic, showed less change during

irradiation than did the constituent protein. It

was also reported that natural lipoprotein pro-

tected other protein from some irradiation-induced

changes. Binding of labeled methionine is in-

creased by irradiation and has provided an ex-

tremely sensitive method for detecting molecular

changes in protein and protein complexes. On the

other hand, a decrease in the sites capable of bind-

ing anionic dyes was reported.

A color change which occurs during the irradia-

tion of meat has been related to oxidative changes

in myoglobin. Other oxidations, producing protein

peroixdes, have also been reported.

Reactions of Lipids. In general, the reactions

which occur during the irradiation of fats and fatty

acids are oxidation, decarboxylation, hydrogena-

tion, and dehydrogenation. The magnitude of these

changes is probably too small to detract from the

wholesomeness of the foods, but may be important

in the acceptance or stability of foods.

Oxidation reactions during and after irradiation

are similar to those of thermal autoxidation. They
depend upon the antioxidant content, the number
of double bonds, the amount of irradiation and its

rate of application, the presence of oxygen during

or after irradiation, and the length and tempera-

ture of storage. An interesting new finding shows

that saturated fatty esters, for example, methyl
myristate, are oxidized to produce compounds sim-

ilar to those produced by the unsaturated ones.

These include carbonyls, reducing compounds, and
peroxides. In the presence of oxygen the amounts
of these compounds, especially the peroxides, are

increased. It also appears that antioxidants do not
prevent the formation of peroxides.

Destruction of antioxidants in lipid systems is

an important accompaniment of irradiation. This
leads, of course, to a decrease in stability during

subsequent storage.

The relationship of these chemical changes to

flavor changes will be considered below.

Reactions of Carbohydrates. Although the car-

bohydrates are a major constituent of foods, es-

pecially those of plant origin, the.y are not particu-

larly radiosensitive. These chemical changes which

do occur, however, may be important because of

flavor or texture changes.

In simple sugars, monosaccharides, in aqueous

solution, the primary reaction appears to be oxida-

tion of the hydroxyl groups. The primary alcohol

at Ce is oxidized to produce a uronic acid. Irradia-

tion of most sugar-amino acid systems produces

typical browning reaction products, and even

greater browning occurs when the dry sugar and
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amino acid are separately irradiated and combined

as 50 per cent solution.

Disaccharides are hydrolyzed by very high doses

of ionizing radiation. A browning reaction also oc-

curs from the irradiation of organic acid sucrose

mixtures. This browning appears to be caused by

some reaction other than that with hydroxy-

methylfurfuraldehyde, which is the reaction most

probable in the heating of organic acid and sugars.

Polysaccharides are altered by irradiation as is

evident in the loss of firmness during the irradia-

tion of fruits and vegetables. Cellulose undergoes

measurable degradation not only during but after

irradiation. A partial explanation for the after

effects may be in the production of stable, or at

least slow to decav, free radicals. Starch is de-

graded in a manner similar to that for cellulose.

Irradiation of dry starch produces a completely

water soluble material. Pectins are also degraded,

primarilv by the breaking of glycosidic chains.

None of these carbohydrate changes appears to

affect flavor, but many are related to texture and

color changes in foods.

Reaction of Other Components. Vitamins: (1)

Water-soluble vitamins: Ascorbic acid and thia-

mine are readily destroyed by irradiation, so much

so, in fact that 'their use has been proposed to pre-

vent other radiation-induced quality changes.

Riboflavin and niacin, on the other hand, are rela-

tivelv stable, while pyridoxine appears to be mid-

way "between these, the other water-soluble vita-

mins, Bi2, pantothenic acid and fohc acid, are

extremely sensitive.

(2) Fat-soluble vitamins: Vitamin A ard the

carotenes are very radiolabile. In some foods, pro-

tection appears to be afforded, especially where

the carotenes are protein bound. Vitamin E (a-

tocopherol), is a good antioxidant, and, as might

be expected, is destroyed by the oxidative condi-

tions produced by irradiation. Some forms of Vita-

min K are extremely sensitive, while others, par-

ticularly those in alfalfa and spinach, are quite

stable.

Enzymes. Although enzymes are proteins, and

although proteins have been shown subject to con-

siderable change by ionizing radiation, enzymes

have shown rather considerable resistance to in-

activation, at least in foods. Heat inactivation of

enzymes is usually complete prior to microbial

sterilization, whereas radiation steriUzation, in

general, is insufficient to achieve enzyme inactiva-

tion in most foods studied. The effects of enzymes

on processed foods vary with the enzyme system.

Exclusion of oxygen after processing can be the

equivalent of inactivation of oxidase-type enzyme.

In irradiated foods, then, the hydrolytic enzymes

assume the greatest importance, and of these,

those in meat have been most studied.

Relatively little recent work has been done spe-

cifically on the radiation reaction of enzymes in

meat. Rather, the enzymes themselves have been

isolated and characterized. A whole series of ca-

thepsinlike proteases have been found in beef mus-

cle tissue, and a considerable body of information
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accumulated on their properties, such as pH and

substrate specificity. Some of these enzymes can

be inactivated by the removal of Fe^^ ion. It is

hoped that this information will be useful m de-

vising procedures for inactivating or controlling

these enzymes while minimizing other changes in

the processed foods.

Flavor Changes. Some of the biochemical

changes referred to above may be related to spe-

cific flavor and odor changes produced during ir-

radiation processing. However, at the present time

the specific mechanism of flavor change is not well

enough understood to treat it as an estabhshed

chemical reaction. Rather, it is more helpful to

consider the flavors produced and to try from them

to gain some insights into the chemistry involved.

Xearlv all foods appear to undergo some flavor

change in processing, and radiation processing is no

exception. The desirability of any flavor change

depends primarily upon the judge, but most un-

famihar experiences are, at least at first, judged

undesirable. Here again radiation changes were no

exception. The area of the biggest changes, and

probablv least desirable per se, is m meats. As the

carbohvdrate content of these tissues is low, it is

more reasaonable to look to protein and fat for

the origin of these changes. Some preliminary cor-

relations are already possible.

At least two new or off-flavors have been recog-

nized in radiation-processed meats. One is widely

held to be a unique, radiation-produced flavor usu-

ally described as "wet-dog hair." Another, which

mav be related to it has been called "burnt

feathers." Flavors typical of fat rancidity have

also been reported, and these may or may not con-

tribute to the uniciue radiation odors.

A considerable body of data has been accumu-

lated on the volatile compounds associated with

irradiation. These have been steam vacuum

stripped concurrently and consecutively with ir-

radiation, absorbed on activated molecules, chro-

matographed, mass spectroscoped, derivatized,

and most recently s>'nthesized. Compounds have

been identified wliich contain, along with carbon,

hydrogen and oxygen, sulfur, nitrogen, one or both,

in all states of redox. In overly brief summary, no

one compound or combination of few compounds

has yet been correlated with the unique irradiation

off-flavor.

At present there appear to be two divergent

views on the causation of radiation flavor in meat.

One view holds that this flavor results from a spe-

cific reaction on a specific precursor. Research di-

rected toward the isolation of the precursor and its

radiation product has been underway. A substance

which fractionates with the phospholipids of beef

has been isolated which appears to contain all_ of

the specific radiation odor. Tentatively, this white,

waxy material has been described as a cerebro-

side.

Another view holds that the radiation odor re-

suits from more general reactions of the protein

of meat. Among these general reactions, oxidative

cleavage of disulfide linkages and carbonyl forma-

tion have been studied intensively. Mercapto

carbonyls related to methional have been iso-
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lated and identified in the volatiles collected from

irradiated meats, as have sulfones and other sulfur

compounds. Studies are underway, not only on the

identification of compounds, but also on the decay

of free radicals in an attempt to solve this com-

plex problem. In one study, a synthetic approach

to irradiation odor is being pursued.

Alleged Pathological Changes in Test Ani-

mals Fed Irradiated Food. The suspension of

construction of the Army radiation center at

Stockton, Calif., was the result of scattered re-

ports of isolated instances of deleterious physio-

logical changes in test animals fed irradiated

foods: bhndness, loss of fertility, heart damage,

hemorrhagic syndrome, etc. In no case was there

positive evidence to link these findings to irradi-

ated foods. But these announcements set off a

wave of scare pubhcity which did irreparable dam-

age to the program.

New Findings.* Shedding new light on these ear-

Her findings at this year's Congressional hearings.

Major Gen. WilHam J. Ely, director of Army re-

search. Office of the Chief of Research and Develop-

ment, told the subcommittee that lowered fertility

in dogs now appears to be caused by a reduction of

vitamin E in irradiated diets. Adding adequate

supplements to irradiated foods seems to overcome

the problem.

"The hemorrhagic syndrome occurring in rats

and mice has been found to be related to altera-

tions in vitamin K content of the irradiated foods

in some way interrelated with vitamins A and E,

estrogens, and certain amino acids," he says. Sup-

plementing the diet with vitamin K shows prom-

ise of correcting this complication.

Regarding heart damage to mice on a diet in-

* As reported in Chem. & Eng. News, Mar. 19,

1962, p. 30.

eluding irradiated milk, Gen. Ely points out that

the same effect can be reproduced in both control

and experimental animals fed highly artificial

milk diets. The Army concludes that bhndness in

rats was due to congenital defects rather than to

the feeding of irradiated foods.

In other areas of wholesomeness, with 90 per

cent of the work completed, Army scientists have

found no cancer resulting from the feeding of 20

irradiated food items, according to Gen. Ely.

Growth was normal in animals fed 24 different ir-

radiated foods. And past reports of shortened life

span in test animals appears related to nutritional

deficiencies, not to irradiated foods, as such, he

adds.
G. L. Clark
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GAMMA SCINTILLATION SPECTROMETRY: DETERMIN-

TION OF URANIUM-235

An examination of the gamma spectrum of

uranium reveals the presence of a number of

photopeaks attributable to the gamma photons of

uranium and its daughters. The most prominent

peak in the spectrum at 94 kev is actually asso-

ciated with both thorium-234 and uranium-235

and therefore is not suitable for uranium-235 de-

termination. However, the 184 kev photopeak re-

sulting from the uranium-235 can easily be

resolved from other gamma rays emitted by

uranium by using a scintillation spectrometer.

The ability of the scintillation spectrometer to

measure the intensity of the gamma rays in the

energy band at 184 kev permits the rapid and

nondestructive determination of the uranium-235

content of uranium bearing samples. Many work-

ers have applied this technique to the determina-

tion of uranium-235 in a wide range of enrich-

ments in a variety of materials such as oxides/'
^

fuel element foils,'' * and solutions from salvage

operations.^

In general the detector system of the spectrom-

eters consisted of a sodium iodide crystal and

photomultipher. The measurement or scaling sys-

tem ranged from single channel to multichannel

spectrometers to a transistorized portable spec-

trometer.

Quantitation is accomplished by comparing the

intensity of the photopeak resulting from a stand-

ard to that resulting from the unknown. The in-

tensity of the photopeak can be determined by

plotting the spectrum point by point and meas-

uring the area under the peak. Alternatively, the

window of the spectrometer can be opened wide

enough to encompass the entire peak and the in-

tensity determined by a single measurement. The

background due to the Compton continuum and

bremsstrahlung caused by the beta particles from

the uranium daughters must be subtracted from

the measurements.

To cover the entire range of uranium-235 con-

centrations of interest it is necessary to have a

number of standards. Natural uranium serves as

a standard for concentrations up to 10 per cent.

Standards containing approximately 20 and 80 per

cent uranium-235 serve adequately to cover the

remainder of the range.

Generally, it is desirable to compare an un-

known sample with an eciual weight of a standard

of similar uranium-235 content. However, samples

of different weight can be compared if self-ab-

sorption corrections are made, but with a decrease

in accuracy. Under ideal conditions, when the

standard and sample are of identical weight and

configuration it is possible to obtain accuracy and

precision within 1 per cent over the concentration

range of 0.05 to 93 per cent.^

The method can be apphed to the determina-

tion of uranium-235 in a variety of chemical and

physical forms. Similarly, determination of the

uranium-235 content of matrix materials other

than pure uranium is possible, if absorption ef-

fects are taken into consideration, and no gamma-
emitting radioactive impurities are present in the

sample that contribute to the area being meas-

ured.
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GAMMA SPECTROMETRY. See Reactor Fuel Element Load-

ing.

GAMMA SPECTROMETRY IN ACTIVATION ANALYSIS. See

Neutron Activation Analysis; Nuclear Decay Schemes.

GAS COMPOSITION GAUGE WITH RADIOISOTOPES. See

Gauges, X-Ray.

GAS DENSITY GAUGE. See Gauges, X-Ray.

GAS MODIFICATION COUNTER. See Detectors of Radia-

tion.

GASOLINE ANALYSIS BY X-RAY EMISSION SPECTRO-

GRAPHY

In gasohne analysis, X-ray emission spectrog-

raphy is used for the determination of certain ad-

410
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ditive elements and sulfur, an undesirable impur-

ity. Best known of the additives is tetraethyllead

(TEL). This antiknock compound controls the

combustion characteristics of gasohne, thereby

raising its octane number. It is normally intro-

duced into gasoline as part of a fluid mix that

also contains a combination of chlorine and bro-

mine compounds or the bromine compound alone.

In these fluid mixes, there is a definite atom ratio

of halogen to lead, but the ratio varies with the

type of mix. The fluid mix used with aviation

gasoline normally contains bromine in the atom
ratio of 2:1 with respect to lead. The fluid mix

used in automotive gasolines usually contains bro-

mine in the ratio of 1:1 and chlorine in the ratio

of 2:1. In certain mixes, other lead alkyIs may be

used in place of or in conjunction with TEL.
Other additives include a manganese antiknock

compound, (methylcyclopentadienyl)manganese

tricarbonyl, and various organo-phosphorus com-
pounds, which are used to reduce spark plug foul-

ing and preignition or to combat rumble in high-

compression engines.

Currently, X-ray emission techniques are being

used for the determination of lead, bromine, man-
ganese, and sulfur. Use concentrations of lead

range up to 4.23 g per gallon for automotive gaso-

lines and to 4.8 g per gallon for aviation gasolines.

Bromine concentrations lie below 1.6 g per gallon

for automotive gasolines and below 3.9 for avia-

tion gasolines. Manganese has been used in com-
bination with lead at concentrations up to 0.2 g
per gallon. Sulfur concentrations may be as high

as 0.2 weight per cent, but average less than 0.05

per cent. Chlorine, in use concentrations below
1.5 g per gallon, and phosphorus, in concentra-

tions below 0.2 g per gallon, are less amenable to

determination by X-ray.

In many control situations, large numbers of

gasolines are examined that differ little in com-
position. In such cases, very simple X-ray emis-

sion procedures based on comparisons with like

standards are entirely satisfactory. Such proce-

dures can be extremely rapid since usually only

one intensity need be measured. In contrast, the

following methods have been developed for sam-
ples that differ greatly in composition. They illus-

trate problems that must be considered in apply-

ing X-ray emission techniques to the analysis of

gasolines.

Birks et al. were the first to report the use of

X-ray emission spectrography for the analysis of

gasolines.^ They demonstrated the feasibility of

determining lead and bromine in aviation gaso-

line. They showed that the net X-ray intensity for

either element was dependent on the concentra-

tion of the other one, but suggested that quanti-

tative results could be obtained by referring the

relative intensities to a series of calibration curves.

Kokotailo and Damon pointed out that impuri-

ties and variations in base stock could seriousl}^

affect the accurac3^ of the bromine determina-
tion.* They compensated for these interferences

by adding an internal standard, ethjd selenide.

Selenium, being adjacent to bromine in the pe-

riodic table, has a fluorescent 3'ield and absorption

properties which are almost identical to those of

bromine. Kokotailo and Damon added a fixed

number of selenium atoms per unit volume of

sample and determined the ratio of the bromine

and selenium intensities. Although the addition of

impurities such as iron and sulfur to a given base

stock changed the bromine intensity, the bromine-

selenium intensity ratio remained constant. To
obtain bromine concentration in weight per cent,

density corrections were required. Using a series

of calibration curves obtained with base stocks of

varying densities, they made corrections by inter-

polating between the curves. Their curves were

based on intensities uncorrected for background.

Lamb et al. developed a general method for

the determination of TEL in gasoline .° Their pre-

hminary studies indicated that a correction was

required for variation in the carbon-hydrogen

ratio. Having found that a direct correlation

existed between this ratio and the densities of

their samples, they were able to apply empirical

corrections based on density. Only one cahbration

curve was required for TEL concentrations up to

3 ml per gallon. Above this concentration, the

curve for ''neat" TEL (i.e., TEL without bromine

or chlorine) differed from that for TEL in the

presence of normal amounts of halogen. A rapid

manual scan through the bromine Ka position

enabled them to determine which curve to use.

They analyzed 46 samples by this method and

compared their results with ones obtained by
ASTM D526-42 (molybdate titration). The aver-

age difference was 0.028 ml TEL per gallon.

Using a commercial spectrograph with minor

modifications, McCune et al. demonstrated the

feasibility of applying X-ray techniques to the

determination of either bromine or lead in mov-
ing streams of gasoline.*^ They outlined further

modifications that would be desirable on SA^stems

for industrial applications.

Preis and Esenwein determined TEL in gasoline

by adding excess ethylene dibromide and evaluat-

ing the intensity ratio of lead and bromine radia-

tion. "^ This technique reduced interferences to the

extent that a single calibration curve apphed to

all gasolines. They added one volume per cent of

the ethylene dibromide, which corresponds to 30

to 100 times the bromine normally found in a

gasoline containing TEL. Their results for 10 gaso-

lines differed on the average by 0.053 ml TEL per

gallon from results obtained by the ASTM
Method D526-53T (gravimetric chromate).

Manganese in gasoline has been determined
through the use of a ''compensative reference"

consisting of an iron rod positioned at a definite

distance from the window of the sample cell." The
intensities of selected manganese and iron lines

were measured, and the concentration of man-
ganese was calculated by comparing the manga-
nese-iron intensity ratios for samples with those

obtained with known standards. The use of the

reference overcame interferences due to differ-

ences in base stock or additive contents, thereby

permitting the use of a single calibration curve

for all gasolines. Approximately 15 minutes are

required for a determination.

With the introduction of the hehum path, flow

proportional counter, and pulse height analyzer, it
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became possible to detect low concentrations of

sulfur. Using a commercial spectrograph equipped

with these components, Yao and Porsche showed

that the net sulfur Ka intensity could be related

directly to the per cent sulfur in gasolines and

other petroleum products with good success.® They

used a scanning technique for determining inten-

sities, instead of the more usual scaling proce-

dures. An elapsed time of five minutes per analy-

sis was required. Although direct examination of

the sample was usually satisfactory, they noted

that variations in the carbon-hydrogen ratio could

cause errors as large as 15 per cent at the 0.1 per

cent sulfur level. While they could overcome such

absorption effects by many-fold dilutions of trou-

blesome samples, dilution is not feasible for the

low concentrations of sulfur found in most com-

mercial gasohnes. If the sulfur-free base stock is

available, one can, of course, prepare standards

having the same matrix as the sample.

Another method for determining sulfur in gaso-

line requires no prior knowledge of the absorption

characteristics of the sample.^ Sulfur-free diluent

is added to one aliquot of the sample, and an

equal amount of diluent containing a known

amount of sulfur is added to a second aliquot.

The sulfur content of the sample is determined

from the intensities of the sulfur Ka and of the

background radiation for the two solutions and

from a specific gravity measurement. Matrix in-

terferences are avoided because, in effect, the sam-

ple itself is used for calibration purposes. This

method uses a counting strategy whereby a pre-

cision of 0.003 per cent sulfur (99 per cent confi-

dence level) is obtained in minimum time. De-

pending on the sulfur level, 15 to 25 minutes are

required for an analysis.

At present, X-ray techniques are not feasible

for determining the low chlorine concentrations

found in gasolines. Yao and Porsche have de-

scribed a method® that is applicable to certain

insecticides, herbicides, and lube oil additives.

This method cannot be considered suitable for

commercial gasolines because acceptable precision

would require prohibitive counting times. The de-

termination of phosphorus is still less favorable.

However, improvements in instrumentation may
make it possible to determine even these elements

by X-ray techniques.
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GAUGES, X-RAY, OF UNCONVENTIONAL TYPES

X-ray gauges which are in themselves based on

unconventional X-ray analysis methods, or which

apply conventional techniques to unconventional

problems, will be discussed. This review is not in-

tended to be comprehensive and only the most

recent examples with which the author is famihar

are presented. The purpose of these few illustra-

tive examples is to demonstrate that imaginative

use of X-ray technology can result in the solu-

tion of measurement problems in such diverse

fields as chemistry, metallurgy, reactor engineer-

ing, meteorology, and space sciences.

X-ray Rayleigh Scatter Gauge for Simplified

Process Analyses. Conventional X-ray analytical

techniques are based on absorption (mono and

polvchromatic) and fluorescence. A new analysis

method based on X-ray Rayleigh (coherent) scat-

tering has been developed. This technique is lim-

ited to applications where determination of a high

Z (atomic number) element in, or surrounded by

lower Z materials is required. Within this limita-

tion the method offers distinct practical advan-

tages over conventional methods for process con-

trol. For example, monochromatic absorptimetry

is highly specific, but at the expense of drastic

reduction of signal X-ray flux which tends to in-

crease measuring time or decrease accuracy. Poly-

chromatic absorptimetry provides high signal flux

but response may be ambiguous due to density

changes in the sample, or variations in the

amount of low Z material which are indistin-

guishable from the high Z element of interest. X-

ray fluorescence is specific but flux yield is low and

apparatus is delicate and costly. The Rayleigh

scattering method combines the advantages of

specificity and high signal flux, thus allowing ac-

curate determination in a short measuring time.

This, plus the fact that the apparatus is simple,

rugged, and inherently self-monitoring make it

uniquely suitable for industrial process control

applications.

A brief discussion of the theory of operation

will be presented here since details are available

in the literature.^ Beamed X-rays impingent on

the sample undergo Compton and Rayleigh scat-

tering. Compton scattered X-rays lose energy—

the amount increasing with scattering angle. Ray-

leigh scattered X-rays are the same energy as

primary radiation regardless of scattering angle.

Furthermore, while the number of Compton scat-

tered X-rays is proportional to the Z of target

atoms, Rayleigh scattered X-rays are closely pro-

portional to Z^ By observing scattered flux at

large angles with apparatus capable of moderate

energy discrimination (e.g., scintillation, or pro-

portional counter) it is possible to make system

response due primarily to X-rays Rayleigh scat-

tered from the high Z element. A typical measure-

ment system is shown in Fig. 1. A collimated poly-

chromatic X-ray source irradiates the sample and

scattering at a convenient large angle is observed.

Scattered photons enter the detecting unit pro-

ducing electrical pulses proportional in amplitude

to the energy of initiating X-ray photons. Ampli-

fied pulses are introduced into an integral dis-
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Fig. 1. Schematic view of X-ray Rayleigh scatter gauge.

criminator and then to a recording device such as

a scaler, or ratemeter. Discriminator function is

to allow only pulses greater than a given magni-

tude to be recorded, thus, only pulses resulting

from photons at, or near, the maximum X-ray

photon energy of the primary beam are counted.

Photons of such energy scattered at large angles

result from Rayleigh scattering and since this is

Tj^ dependent the recorded count is representative

of the number of high Z atoms in the sample.

Two items of practical importance should be

noted. First there is an energy region in the scat-

tered X-ray spectrum that is insensitive to

changes in Z of the sample. Use of a monitoring

channel in this region provides a means for ob-

taining a corrective signal for variations in the

quantity of low Z material and for X-ray tube

beam current fluctuations. Theoretical system

performance is not improved by this but it is im-

portant from a practical engineering standpoint

that the system is inherently self-monitoring. Sec-

ond, it is possible to increase the observed signal

if the fluorescence line of the high Z element falls

in the energy region of Rayleigh scatter signal.

This has proved useful in uranium determinations

where the energy spread of primary radiation is

sufficient to excite uranium fluorescence.

Four typical applications of this technique are

:

(1) measurement of high Z elements in solution,

(2) alloy composition analysis, (3) core location

in reactor fuel plates (4), and measurement of

plating thickness.® These are fully discussed in the

literature; thus, only salient features will be pre-

sented here. Chemical process streams containing

a high Z constituent can be monitored continu-

ously. For example, in measuring the concentra-

tion of tetraethyllead in gasoline a Rayleigh
gauging system can warn of concentrations in ex-

cess of 10 ml/gal. Dilute solutions of uranium
(0.1 g/1) are routinely measured to better than
1 per cent accuracy. The technique has greatly

simplified analysis of uranium in reactor waste
solutions. In analysis of high Z alloys—important
in reactor fuel element fabrication—the method
offers a great saving in time over wet chemical
techniques and improvement in quality control

since homogeneity of ingots can be tested

throughout the sampled medium. In other apph-
cations such as location of the core in reactor fuel

plates and in thickness gauging the high Z ele-

ment is surrounded by or superimposed upon a

lower Z medium. A high degree of accuracy is

possible in measuring mechanical dimensions as

evidenced by the results obtained in core loca-

tion. The uranium-containing core of reactor fuel

plates tapers to a knife-edge cross section inside

a cladding of aluminum (due to taper. X-ray ab-

sorption methods fail). Location of this tapered

end point is vital in subsequent reactor assembly.

Using the Rayleigh scanning method fuel plates

are continuously monitored and the end point

determined to within 0.0015 inches. This informa-

tion is fed back to a drill press and line-up holes

are automatically drilled in the correct location.

These applications of the Rayleigh scatter gauge

are represented in Fig. 2.

Gas Density Gauge Based on X-ray Producing
Electron-Gas Atom Interaction*. This is a tech-

nique suitable for probing a rarified gaseous me-
dium, and determining the local density of a

small parcel of gas situated in a part of the me-
dium remote from the measuring device. The
probe consists of an electron beam which does not

affect in any appreciable manner either the me-
dium or the measured parcel of gas. The measured
parameter which is directly proportional to atomic

density is the number of ''bremsstrahlung" X-ray
photons generated within the selected volume of

the medium via electron-gas atom interaction.

SA'-stem response is dependent on the average Z of

the atoms which constitute the gas but is inde-

pendent of the chemical form, the degree of ioni-

zation, and the temperature of the gas. Because
response is independent of these parameters and
because of its remote sampling capabihty this

technique has two outstanding applications: first,

the determination of atmospheric density via

rocket sonde at altitudes between 75 and 200 km;
and second, the measurement of local densities

and thus flow patterns around objects inside a

low-pressure wind tunnel. Concerning the first

application, there are serious uncertainties in at-

mospheric density as measured hx conventional

means.® For example, the observational error for

much of the available experimental data obtained

with rockets is about a factor of two at altitudes

* Patent pending
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ALLOY COMPOSITION THICKNESS GAUGING

Fig. 2. Typical applications of X-ray Rayleigh scattergauge.

Fig. 3. Schematic view of bremsstrahlung X-ray

gas density gauge as applied to atmospheric density

determination via rocket sonde. A- power supply,

B-high voltage supply for electron gun, C- detector

high voltage supply, D- detector readout, E- X-ray

detector, F- X-ray collimator, G- electron beam

current readout, H- electron gun.

values near a model in the pressure range from

10' to 10-'^ torr.

A schematic view of the system is shown in

Fig. 3 as applied to atmospheric measurement

from a rocket. A beam of electrons is directed into

the rarified gas and bremsstrahlung X-rays created

in a segment of the beam defined by a coUimated

X-ray detector are observed. The measured^ pa-

rameter is the number of bremsstrahlung X-ray

photons generated. Bremsstrahlung is electromag-

netic radiation resulting from electron decelera-

tion upon entering the coulomb field of an atomic

nucleus. The X-ray photon energy spectrum is

continuous extending from zero to a maximum

limit equal to electron kinetic energy. The differ-

ential cross section for photon emission in energy

range E to E + dE by electrons of kinetic energy

T and total energy T + ?7ioC'- (w„r = 511 kev) is

oBZ'^ {^^)
(IE

cmVatom (1)

above 100 km.' This technique provides gas den-

sity determination to within 10 per cent at densi-

ties corresponding to 200 km altitude and the

error is smaller at lower altitudes. The fact that

ambient air is sampled at a distance from the

rocket eliminates error due to vehicle shock wave

and degassing. The advent of high altitude air-

craft and rockets has necessitated the testing of

flow characteristics of models at low pressure

which constitutes the second appHcation of this

technique. Standard means of measuring local

densities near a wind tunnel model (interferom-

etry and light refraction) fail at pressures^ less

than atmospheric while the bremsstrahlung X-ray

technique is capable of determining local density

where Co and B are constants and Z is the atomic

number of the gas atoms.' For T « nioC^ X-ray

emission is of equal intensity in all directions and

P, the probability of emission of a photon with

energy between E and E + dE, per unit path

length of electron travel is

ndar (2)

where n is the number of atoms per unit volume

of the gas, equal to the product of Avogadros

number, No and the mass density, p divided by

the atomic weight of the gas, A. For gas com-

posed of more than one type of atom the prob-
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Nop I] {4>id(Ti)/Ai (3)

ability for X-ray creation by a single electron is

where 0i is the fraction by weight of gas com-

prised by the i*^ type atoms summed over all the

types present (air being about 79 per cent nitro-

gen, 20 per cent oxygen and 1 per cent argon).

The attenuation of the electron beam between

the gun and the sampled gas volume is negligible

at pressures less than 10"" torr for distances of

several feet if energies of 3 to 10 kev are used

and the attenuation of generated X-rays is much
less over a corresponding distance. It is, there-

fore, apparent that the number of X-rays gen-

erated in the observed segment of the electron

beam is proportional to the number of electrons

in the beam (current is measured by a pick-off)

the density of the gas and the type of atoms pres-

ent. Since in application gas atomic composition

is known (nearly constant in the atmosphere up

to 200 km) the number of X-rays detected and

recorded is a direct measure of gas density in

terms of atoms/unit volume. A typical experi-

mental response curve is shown in Fig. 4, where

recorded X-rays measure air density over three

orders of magnitude in pressure.^

Gas Composition Gauge Using X-ray Emit-
ting Radioisotopes. This gauge provides a simple

means of measuring the total number of atoms of

a given kind present in a sampled gas volume. It

is reciuired that the types of atoms in the sample
be known, that they be present as a major con-

stituent, i.e., not less than 0.1 per cent by weight,

and that their Z be greater than 3. For applica-

tions where these criteria apply the method has

outstanding advantages. The measurement is in-

dependent of the chemical state of the various

atoms, the degree of ionization and the tempera-
ture. It is operable over a wide pressure range

—

from 2 to 0.1 atm. Since it does not depend on
chemical reactivity it offers a means of measuring
inert gases such as argon, that cannot be analyzed
with reactive methods. Also, it is only necessary

that the gauge be immersed in the gas, thus re-

quiring no pumps or sampling apparatus. Finally,

since radioisotope X-ray sources are utilized, size,

weight, and power requirements are low. While
this gauge has application in chemical processing

plants (for example, ammonia synthesis—where
argon concentrations are monitored as part of

process control) the above attributes make it

uniquely suitable for space research. The possi-

bility of sampling the atmospheres of other plan-

ets (Mars and Venus) appears feasible and a de-

sign study of a prototype gauge based on this

technique is in progress.

In essence, the system is based on monochro-
matic absorptimetry, the unconventional features

being extension to gas measurement and the use
of radioisotopes instead of electrical means of X-
ray generation.

Certain isotopes undergoing radioactive decay
emit, via electron conversion, characteristic X-
rays corresponding to the fluorescent lines of the
stable element. For example, calcium-41 emits the
characteristic Ka line of potassium at 3.3 kev.

Fig. 4. Experimental response curve of brem-
sstrahlung gas density gauge. Electron gun operated
at 0.1 milliamps, 4 kilovolts.

Since the absorption edge for argon is at 3.2 kev
a gaseous medium containing argon is highly ab-

sorptive of calcium-41 radiation (it is desirable

but not necessary that the X-ray energy be close

to the absorption edge of the absorbing elements).

There are several X-ray emitting radioactive

sources available such as argon-37 (2.6), calcium-

41 (3.3), vanadium-49 (4.5) and iron-55 (5.9)

(numbers in parentheses indicate X-ray energy in

kev), permitting extension of this principle to

atomic composition analysis of gases containing

up to 4 or 5 constituents. The measuring system is

composed of several X-ray attenuation gauges
(the number depending on the number of ele-

ments to be analyzed); each gauge consists of

source and detector as shown in Fig. 5. Mono-
energetic radiation from the source is absorbed
by intervening gas. Detector response of a single

gauge using energy Ei and separation Xi in a gas

of known density is

N = No exp [-pxiidiai + d-2a-2 + • • • dna,,)] (4)

where N^o is the count rate when p, the gas den-

sity, is 0, 9n the mass absorption coefficient and
a„ the fractional abundance by weight of the n^*"

element. Other equations for energies E2, Es . .

.

En can be written depending on the number of

gauges. For example, assuming three known major
elemental constituents (typical of planetary at-

mospheres) three gauges using three different X-
ray energies are needed. Total S3'stem response

requires the solution of three equations having
three unknowns, i.e., the a's. The nature of the
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Fig. 5. Schematic view of planetaiy atmosphere composition measuring system.

mathematics involved allows simple electronic

means for solving these simultaneous equations to

be provided as part of the system readout. In the

planetary atmosphere measuring system shown m
Fig. 5 a beta-ray scatter gauge^° is used to deter-

mine gas density and environmental radiation

which forms system "background noise" is meas-

ured by a separate detector. The final output thus

includes continuous monitoring and correction for

variations in gas density and background radia-

tion.
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GENERATION OF X-RAYS

X-ravs are generated by the sudden deceleration

of electrons as they bombard matter. The essen-

tial parts of X-ray-generating apparatus are: (1)

a source of electrons, or cathode; (2) a target, or

anode, which the stream of electrons may strike,

and (3) a means of applying a high accelerating

voltage between the cathode and target. The

choice of the most appropriate equipment depends

upon the use for which the X-rays are intended

and the characteristics of the equipment available.

Since there are so many possible applications only

the general characteristics of generators will be

considered here.

X-ray sources may be classified by the type ot

high voltage supply: (1) transformer circuits; (2)

Van de Graaff generator, (3) linear accelerator;

(4) betatron. The principle parameters which gov-

ern the operation of X-ray generators are: (1) the

voltage range, (2) focal spot size, and (3) in-

tensity of radiation. Other factors governmg the

choice of apparatus are safety, installation re-

quirements, and ease of control.

Excellent descriptions of X-ray tubes and gen-

erators can be found in the catalogues of the van-
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ous manufacturers. A few of the more prominent

manufacturers are

:

General Electric X-Ray Corporation, Milwau-

kee, Wis.

High Voltage Engineering Corporation, Cam-
bridge, Mass.

Machlett Laboratories, Inc., Springdale, Conn.

North American Philips Company, Inc., Mt.

Vernon, N. Y.

Picker X-Ray Corporation, White Plains, N. Y.

Westinghouse Electric and Manufacturing Com-
pany, X-Ray Division, Baltimore, Md.

Voltage Range. Most industrial and medical

appHcations of X-rays use the continuous part of

the spectrum while diffraction and spectrographic

applications use the characteristic spectrum. The
characteristic rays are usually obtained at low

voltages by the use of filters which allow the de-

sired radiation to pass while absorbing all others.

In industrial and medical diagnostic applications

an energy range is chosen by a careful balance be-

tween the greater contrast provided by low en-

ergy absorption and the greater penetrating power

provided by high energies. The professional radi-

ographer makes use of "technique charts" for the

particular apparatus which is being used. These

give a plot, for each kilovoltage available, of

milliampere-seconds versus sample thickness. A
separate chart must be available for each mate-

rial. Table 1 shows the range of kilovoltages re-

quired for various uses.

Most manufacturers rate their machines in peak

kilovolts. However, the true output of the ma-
chine is not necessarily indicated by this figure.

When the output of the machine is in the con-

tinuous range the shorter wavelengths of the spec-

trum will be absorbed more readily than the longer.

Hence, the distribution of the intensities of the vari-

ous wavelengths will affect the absorption of the

beam. For this reason the term ''effective kilovolt-

age" is used to indicate that monochromatic beam
which would have the same absorption characteris-

tics as the polychromatic beam produced by the ma-
chine. The effective kilovoltage is obtained by
measuring the absorption coefficient of the beam at

a given peak kilovoltage. By referring to tables of

absorption coefficients the effective wavelength and
corresponding effective kilovoltage may be found.

Focal Spot Size. In applications such as medical

therapy where the object is to produce X-rays

without any need for small source the size of the

focal spot is not critical. However, in radiography,

where a shadowgraph is to be produced, it is im-

portant to have as small a focal spot as possible.

The principle is the same as the formation of

sharp shadows by small "point" sources of visible

light. With equal output and quality of radiation

the smallest focal spot introduces the least un-

sharpness and, hence, is most desirable.

The trend toward shorter exposure times in

radiography means a need for greater intensity of

radiation and hence higher tube currents. How-
ever, high tube currents together with a small focal

spot produces a great amount of heat in a small

Table 1. Typical X-ray Voltages.

Purpose Voltage Range (kv)

Dental 50-75

Medical Diagnostic 90-110

Medical Therapy 200-2000

Industrial Radiology 50-30,000

Industrial Fluoroscopy 50-300

area. The difficulty of dissipating this heat limits

the rating of each tube in terms of heat storage

capacity.

Intensity of Radiation. The intensity of the

continuous spectrum of radiation used in radiology

varies with the wavelength. The spectral distribu-

tion curve starts at a certain minimum wavelength

determined by the voltage, rises sharply to a maxi-

mum and falls off asymptotically. The wavelength

of maximum intensity is also determined by the

voltage, occurring at longer wavelengths as volt-

age decreases. The total intensity is directly pro-

portional to the tube current and the square of

the tube voltage.

X-ray Tubes. X-ray tubes are of two general

types—gas tubes and electron tubes. In the former

the gas molecules are ionized into electrons and

positive ions. The positive ions are accelerated to

the cathode where they release still further elec-

trons. The electron tubes, first developed by W. D.

Coolidge, are highly evacuated and the electrons

are supplied by thermionic emission from a hot-

wire cathode. While some gas-filled tubes are still

in use, principally for purely scientific research,

most of the tubes now in use are the electron type.

The great advantage of the CooHdge tube is the

independence of the tube current and voltage. The
number of electrons emitted is determined bj^ the

temperature of the filament, and is not affected

by the apphed voltage. The maximum current for

a given filament temperature is determined only

by space charge.

The large energies delivered to the target cause

severe heating of the anode. A large thin plate

used as anode provides better dissipation of the

heat, and the addition of external air-cooled fins

to the anode increases still more the coohng effect.

However, modern high-energy tubes are usually

furnished with a cooling system in which water or

oil is circulated through a hollow anode past the

inner face of the target. If the anode is grounded,

water from city mains may be used. Otherwise

special protective insulating devices or a closed

link circulating system to a cooling radiator must

be used.

The necessity of increasing the X-raj' intensity

to shorten exposure time while decreasing focal

spot size to improve sharpness of the image re-

sults in melting and destruction of the target. One
method of overcoming this difficulty is to use a

long cylindrical spiral filament which produces a

line focal spot on the target thus assisting heat

dissipation. The face of the target is then inclined

at an angle of about 80 degrees to the tube axis
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so the line spot appears foreshortened m the di-

rection of the principal emergence of the X-rays.

Several manufacturers have produced tubes

using a rapidly rotating target so that a very fine

focal spot may be used but the heat is distributed

over a large area of the target. The target is

connected to the rotor of an induction motor with

the stator winding surrounding the rotor but outside

the tube casing. Focal spot sizes on the order of

0.3 mm square are possible with this arrangement

while the area over which the heat is distributed is

a ring completely encircling the periphery of the

target or several hundred times the effective focal

spot size. Currents on the order of 100 to 500 ma

can be used with this type of anode.

In order to obtain high intensity X-rays m a

very small area a conical target may be used. A
cone-shaped filament arranged coaxially with a

Fig. 1. 300 kv tube mounted in shielding cabinet

(Detroit Arsenal)

target emits electrons which spread over the

whole inner surface of the anode. The emerging

X-rays converge in a cone to a point where the

intensity is a maximum.
The X-rays emerge from the tube through a

window which may be a portion of the glass en-

velope of the tube or a glass window placed in the

metal envelope. To overcome the absorption by

the window, a special alloy of beryllium with less

than 0.5 per cent titanium or zirconium is rolled

into a thin film and used in place of the glass.

This increases the transmission by as much as a

factor of 25. A typical tube is shown in Fig. 1.

Transformer Type Generators. Circuitry for

the transformer type generators must provide

rectified high voltage, filament current, and con-

trols to regulate each of these.

The high-voltage transformers are usually the

oil-immersion type for insulation purposes. How-

ever, a nontoxic gas SFe has been used very suc-

cessfully. It is heavier than air, so it can be used

at atmospheric pressure, and provides greater re-

liability and cleanliness and a great reduction in

weight.

The alternating high voltage is sometimes sup-

plied to the tube directly and the tube itself pro-

\-ides self-rectification. Other rectifying circuits are

l)rovided by the use of high-voltage rectifying

kenotrons or by dry disk rectifiers. These circuits

mav be half-wave or full-wave circuits.

Another method of providing rectified voltage

is the mechanical rectifier. These consist of cross-

arm arrangements connected to a synchronous

motor in such a way as to connect the secondary

terminals alternately to opposite ends of the X-ray

tube in synchronism with the alternating voltage.

This can be used to provide full-wave rectifica-

tion.

The filament current is supplied by a special

transformer pro^•lding 3 to 4 amp at about 6 v.

However, the problem is comphcated by the fact

that the filament is usually at a high negative po-

FiG. 2. General Electric 1-Mev X-ray generator. (Detroit Arsenal)
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tential. Thus the primary and secondary must be

insulated from each other to withstand 50 to 500

kv determined by the maximum tube potentiaL

The high voltage is usually controlled by means

of a tapped autotransformer and rheostat. By
connecting these in series it is possible to provide

continuous control up to the maximum rating. The
voltmeter connected across the primary winding

gives an indication of the secondary or tube volt-

age. However, this is onW an indication because

the nonlinear magnetization curve of the core and

the variation with load will introduce nonuniform

readings at various voltages. The tube-filament

current is controlled by a rheostat or variable in-

ductance in series with the primary of the filament

transformer.

Resonant Transformer Generator. The Gen-
eral Electric resonant transformer generator uses

a tube located inside the high-voltage transformer

as shown in Fig. 2. The transformer uses a reso-

nant system tuned to a frequency three times that

of the supply. The tube itself occupies the space

usually filled by the transformer core. The only

transformer iron is located outside the coil and
inside the steel cylindrical tank. Insulation is

provided by a gas, freon or SF4 at atmospheric
pressure. Because of the light construction possi-

ble with the gas insulator and lack of iron the unit

is quite mobile. The tube is a multisection con-

struction of alternating glass tubing and Fernico

rings with the anode at ground potential. Such
construction makes possible the use of potentials

up to 2 million v. The target end of the tube pro-

jects from the end of the tank. The anode is thin

enough so that some of the X-rays escape laterally

and the rest pass through in the direction of the
cathode rays.

Van de Graaflf Generator {See also article by
Rogers, p. 146). The Van de Graaff generator, first

developed for electrostatic study, has been
adapated to provide X-raj'-s at voltages up to sev-

eral million volts. It consists of a highly insulated

hollow electrode, shaped to minimize corona loss,

and a moving, endless, nonconducting belt which
carries a continuous supply of charge to the elec-

trode. The charge, supplied by a transformer and
kenotron circuit, is sprayed on the belt by a comb
of needle points and removed from the belt by
another comb type collector inside the electrode.

The potential is limited by the insulation or corona
loss. The generator is brought to equilibrium value
by regulating the corona-spray voltage. The di-

rect-current constant potential available from this

source makes rectifying circuits unnecessary.
The maximum voltage at which this type of

generator will operate is set by electrical failure

in the accelerator tube. These are made up of

rings of porcelain or glass separated by metal
disks which divide the column into equipotential
planes so that the terminal voltage is distributed

uniformly along the tube.

High Voltage Engineering Company has reduced
the size of these machines and produced them
commercially. Insulation is provided by enclosing
the generator in a steel jacket and using freon or

nitrogen under high pressure. Voltages from 1 to 5

million volts are available in single units. An ex-

ample is shown in Fig. 3. (See this topic under V.)

Microwave Linear Accelerator (See also article

by Burrill, p. 21). The travehng wave linear ac-

celerator consists of a tube or waveguide in which
a progressive electromagnetic wave with an axial

electrical component is traveling. Electrons are

injected into the tube and the electromagnetic

wave is made to travel at the same rate. The elec-

trons will gain energy from the wave and both will

increase in speed approaching the speed of light.

The development of high power pulsed magne-
trons and microwave techniques has made possible

the construction of compact linear accelerators

in the 3 to 20 mev range, as shown in Fig. 4.

Betatron {See also article by Adams, p. 92). In
the betatron the electrons are accelerated in a
doughnut-shaped evacuated tube in much the

same way that secondary current is accelerated in

the secondary of a transformer. Because the tube
is evacuated the electrons are free to gain energy
continuously as long as they revolve in the tube.

The primary coils are excited by a 600-cycle en-

ergizing current. The electrons are injected tan-

gentially into the doughnut and accelerated by
the first rising voltage quarter of the cycle during
which time they make manj^ thousands of revolu-

FiG. 3. Van de Graaff generator during assembly
{Courtesy High Voltage Engineering Corp.)
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tions. As the magnetic field reaches its peak the

electrons are deflected to strike the small target

and define a very fine focal spot on the order ot

0.005 bv 0.010 in.
•

i, u .v.

Betatrons are manufactured commercially by the

General Electric Company and Alhs-Chalmers

Company and are available in the 1 to 30 mev

range The great advantage of the betatron is the

high output which is possible, comparing favorably

with that of the 100 and 200 kv machines. An ex-

ample of a betatron is shown m Fig. 5.

Radioactive Sources. Very small X-ray sources

may be made by allowing beta-rays from certam

artificially radioactive isotopes (such as strontium

90) to strike a target. Chambers as small as O.l-m.

diameter with their lead walls as transmission tar-

gets have been constructed for special purposes

where tiny sources can be inserted into a small

component for radiographic inspection.

Monochromatic sources may also be provided

by utilizing gamma emitting artificially radioactive

isotopes such as cobalt 60. Very intense beams of

high-energy radiation may be obtained by this

means.
, . ,, .

Equipment Installation. Fixed installations are

customarily set up with the high-voltage electrical

equipment in one room, the X-ray tube ma
second room, and the control panels m a third. In

case this is not possible, the X-ray tube can be

enclosed in a lead lined cabinet. These precautions

are necessary because of the harmful effect of ir-

radiation upon the human being. Sufficient shield-

ing is of utmost importance and frequent surveys

should be made to insure safety. In addition, the

420

Fig 4 Microwave linear accelerator for medical

therapy. (Courtesy High Voltage Engineering

Corp.)

Fig. 5. General Electric 15-mev betatron. (De-

troit Arsenal)

operators and all other personnel in the area

should wear film badges or radiation dosimeters

and have them checked regularly.

Protection against the high vohages must also

be provided. All leads should be concealed or pro-

vided with sufficient insulation and, preferably,

grounded shielding. A modern development has

been the enclosed and grounded transformer.

Safetv switches, warning lights, fuses, and mag-

netic' circuit breakers to prevent surges must also

be provided. . • -u-

Diffraction units are usually contained m a cabi-

net with the tube on top of the table and sur-

rounded bv the diffraction cameras. This type of

equipment' is carefully designed but should be

surveved occasionally for stray radiation.

Small portable diagnostic and radiographic

equipment is also manufactured which may be

carried by hand. Because of the danger of injury

to this equipment by rough handling, frequent

inspection is a necessity.
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GENERATORS, HIGH-VOLTAGE, FOR X-RAY DIFFRACTION

WORK

Self-Rectifying Apparatus. The simplest high-

voltage generator used in X-ray diffraction work

is essentially a transformer stepping the main volt-

age up to 40 or 50 kvp in a circuit similar to that

shown in Fig. 1. One end of the secondary winding

is connected to the cathode of the X-ray tube and

the other to the anode, which has to be earthed

because of the need for a water-cooling system.

The primary winding is connected across another,

variable, transformer regulating the high tension

of the tube. A third transformer, with its secondary

winding insulated to withstand potentials of 50 kv
suppHes the filament of the tube and has an ad-

justable rheostat in its primary circuit to control

the tube current. The apparatus is completed in

principle by an exposure timer or time switch, a

milhammeter, and a kilovoltmeter.

A generator of this simple variety is frequently

termed self-rectifying, since its tube functions ex-

actly as a half-wave rectifying valve. It has the

advantages of small size and relatively low cost,

but it has disadvantages as well.

Firstly, the unused half of each cycle is applied

to the tube (Fig. 2). This is not a serious matter

with cumbrous old-fashioned installations having

an open voltage connection, but in present-day

instruments using a cable to carry the voltage the

alternating electromagnetic field entails an ever-

present possibility of insulation failure. The pos-

sibility increases when the transformer is heavily

loaded, for the peak voltage is then higher in the

unloaded half cycle than in the loaded one. This

difference in peak voltage between the two half
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Fig. 1. Circuit for self-rectifying X-ray generator,

Fig. 3. Voltage cycle for self-rectifying generator
showing that in only % of each cycle is the voltage
high enough to generate X-rays of desired quality.

cycles can be reduced either by increasing the size

of the transformer or by limiting its load, but
neither of these is an economic solution.

Secondly, the self-rectifying generator gives

comparatively poor production of X-rays. Only
for about one-sixth of each cycle is the voltage

high enough to produce X-rays of the desired

quahty (Fig. 3). The fraction could be increased

by raising the voltage on the tube, but the maxi-
mum tube voltage allowable sets a Hmit to the

possible increase.

One-Valve Apparatus. One objection to the

self-rectifying generator—the high voltage reached

in the unloaded half cycle—can be overcome by
incorporating in the circuit a rectifying valve to-

gether with a transformer to supply its filament

(Fig. 4). The improvement is rather expensive and
does nothing to increase the production of X-rays.

One-Valve Apparatus with a Capacitor. The
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production of X-rays can be increased only by

altering the waveform of the voltage. A generator

giving much better results is obtamed if, m addi-

tion to the valve introduced in the previous para-

graph, a capacitor is connected in the circuit as

shown in Fig. 5.

In this circuit, the X-ray tube is connected to a

pulsating direct voltage. The valve isolates the

cable and the tube from the voltage during the

unloaded half-cycle, while the discharging capacitor

gives rise to the waveform shown in Fig. 6 and re-

sults in a quantitative increase in X-rays.

The voltage delivered by the high-tension trans-

former is rectified and fed to the capacitor. Owing

to the tube current, this voltage has a ripple,

which causes the following disadvantage.

During the period t (Fig. 6) the total energy

used by the tube throughout time T must be re-

stored to the capacitor. This means that during

time t a current flows which is T/t times the

average tube current. This factor is from 10 to 20,

depending on the amount of the ripple—i.e., on both

the size of the capacitor and the tube current.

The transformer must therefore be capable of

Fig. 4. One-valve rectification in transformer cir

cuit.

oltoge

-^i

Fig. 6. Wave form for circuit in Fig. 5, showing

quantitative increase in X-ray production, for

transformer and capacitor very large m proportion

to X-ray tube consumption.

Fig. 5. Generator circuit with 1 valve rectifier

and capacitor.

Fig 7 Wave form for circuit in Fig. 5 with

transformer and capacitor too small in comparison

with Fig. 6.

producing a peak current ten to twenty times the

average tube current without causing undue loss

of voltage. The regulating transformer must also

be capable of delivering a corresponding peak cur-

rent. It follows that the circuit demands a trans-

former and a capacitor both very large in propor-

tion to the tube consumption. If the apparatus is

made smaller than this consideration requires, the

npple increases rapidly to the point where little

advantage is gained over the self-rectifying gen-

erator (Fig. 7); the expensive additional equip-

ment is simply wasted.

When a continuously evacuated tube is used

with a one-valve-capacitor generator it is possible

for a fault in the vacuum system to result m a

violent discharge from the capacitor through the

tube. Apart from the likelihood of damage to the

tube there is of course a personal danger to the

operator. A maximum-current relay, automatically

switching off the apparatus when the tube current

is too high, cannot prevent the capacitor from

discharging. Even a high-voltage circuit breaker

between the capacitor and the tube is too slow

for this purpose.

Three-Phase, Six-Valve Apparatus. Attempts

to avoid the defects of the one-valve-capacitor ap-

paratus have led to the adoption of a three-phase

six-valve svstem. Such a system has been used

for a considerable time in high-capacity apparatus

for medical diagnosis, and a few generators, though

only of very high capacity, have incorporated it

for' diffraction work; e.g., the generator at the

Technical High School, Delft, Holland, is rated

for the exceptionally high continuous output of

500 ma at 60 kv. But for normal research and in-

dustrial use the system has not been used in the

past because the additional valves and filament



423 GEOCHRONOMETRY

Fig. 8. Compact 3-phase 6-valve X-ray generator
for diffraction work.
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FiG. 9. Wave form for circuit in Fig. 8.

transformers, together with the increased dimen-
sions of other parts, would have made the appa-
ratus too expensive. Until recently, the valves
produced by manufacturers have been exclusively
designed for high-capacity medical apparatus re-

quiring short exposures of between 10 and 100
millisec.

The possibihty of building small and compact
three-phase six-valve generators arose with the
commercial production of high-voltage selenium
rectifiers. These, with their low internal resistance,

high reverse voltage, and small dimensions, allow
the construction of inexpensive and compact d.c.

generators for diffraction work. A circuit is given
in Fig. 8 and the waveform of the voltage ob-
tained in Fig. 9.

The circuit has all the advantages of a d.c. ap-
paratus and none of the disadvantages of a ca-
pacitor apparatus. The three-phase transformer is

necessarily more compHcated than a single-phase
one, but the peak current in each secondary wind-
ing is no higher than the tube current, so that a
small and compact high-tension transformer can
be constructed. In a self-rectifying apparatus, on
the other hand, the peak current in the trans-
former may be as much as three times the average
tube current.

The three-phase, six-valve generator is particu-
larly suitable for continuously evacuated tubes,
since a maximum-current relay will switch off the
whole installation quickly enough to prevent dan-
ger to the operator and damage to the tube.
Enraf-Nonius of Delft, which has had thirty

years' experience in making high-voltage gen-
erators both for medical and for physical apphca-
tions, have now developed a standard three-phase
six-valve generator in the Diffractis G unit il-

%

Fig. 10. The new Diffractis G unit which uses
selenium rectifiers to provide an inexpensive 6-

valve generator. Its X-ray tube can be horizontal
or vertical and is adjustable in height above the
work table between 225 and 280 mm. The high
tension and the tube current are regulated by
simple controls and registered by the two meters
on the front of cabinet. An exposure-timer can be
fitted.

lustrated in Fig. 10. This is rated for a continuous
output of 30 ma at 60 kv and is the most techni-
cally advanced high-voltage generator commer-
cially available.

G. D. A. HOEKSTRA

GENERATORS, X-RAY. See Accelerators, Microwave Linear
Electron; Betatron; Circuits, Electrical; Van de GraaflF
Generators.

GENETIC EFFECTS OF RADIATION. See Plants: Effects of
X-Rays and Gamma Rays; Malformations; Mutations
and Evolution; Radiobotany.

GEOCHRONOMETRY BY X-RAY FLUORESCENCE SPEC-

TROMETRY

Radioactive nuclides in nature provide an impor-
tant modern means of geological age determination,
which is especially useful for dating igneous rocks
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and other rocks that do not contain fossils, and

which is also enabling earth scientists to convert

the relative-time scales of paleontology and sedi-

mentology to absolute time scales. And, the tech-

niques developed to "date" rocks have proven to

be equally useful in the determination of the

dates of soUdification of meteorites and meteorite

cosmic-ray exposure times, and are proving to be

important tools m man's attempt to ascertam the

origins and early histories of the universe, solar

system, and earth.
_

The principle of age determination by radioac-

tivity is simply stated: when a rock containing a

radioactive nuclide solidifies, it is like setting an

hourglass. Atoms of the radioactive species (called

the ''parent") change, spontaneously, into an-

other species (termed the "daughter") If one

knows the rate (X) of transmutation of parent

(P) into daughter (D) and the original concentra-

tion of daughter (Do), and measures the present

concentrations of parent (Pp and daughter {Dp),

he can calculate the time (0 since the system be-

came closed, by means of the foUowmg relation:

Pp= iPp+ D,- Do)e-K (1)

The so-called "half-life" Xtl4) of a radioactive

species is the time required for half of the atoms

of that species present originally to transmute to

daughter species. It is related to the decay rate, X,

as follows

:

tiA =
0.693

(2)

The ages calculated from daughter/parent ratios

are of course valid only if the rock (or other)

sample studied has remained a closed system, suf-

fering no addition or loss of parent or daughter

since solidification.

There are several natural radioactivities which

have become important dating tools, and in addi-

tion some others which have more Hmited useful-

ness, which remain to be fully exploited. The most

important present techniques for dating rocks are

based on these transmutations

:

U238 -, Pb206 _^ sHe^ ii/2 = 4.5 X 10^ years

U235 _^ pb207 4_ 7He* /14 = 7.1 X 108 years

Th232 -^ Pb208 + 6He4 ly^ = 1,4 X 10i« years

K40 -^ Ar^o ty^ = 1.3 X 10^° years

j^4o _> Ca*o fi^ = 1.4 X 109 years

j^b87 -> Sr87 f 14 = 4.7 X 10^0 years

It is the long half-Uves of these transmutations

which make them especially useful for dating

ancient rocks. Several nuclides having half-lives in

the milhon to hundred million year range have

been discovered by nuclear physicists, and would

be useful for dating young rocks, but in fact, no

nucHdes having half-lives shorter than that of

uranium-235 have survived since the time of origin

of the earth unless they are manufactured by a

natural nuclear process still occurring, such as

cosmic ray bombardment of the atmosphere (C",

B'°). This in itself tells a great deal about the
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antiquity of the earth: it is so old than any radio-

nuclides originally present having half-lives shorter

than about 10' years have "decayed away" to

vanishingly small concentrations.

The fact that several radioactive decay schemes

exist makes it possible to check ages determined

by one technique against ages determined by

another, often even with the use of the same

sample: rubidium, for example, nearly ahvays oc-

curs in potassium minerals in concentrations high

enough to permit one to apply both the K-Ar and

Rb-Sr techniques to them. There is interest in

applying as many of these techniques as possible

to particular samples because the pattern of their

agreements and disagreements can tell more about

the rock than merely its date of first sohdifica-

tion- it may be possible to decipher from this

kind of information its metamorphic history as

well. • 1 u
A complete encyclopedia could certainly by

now be filled with age-determination lore. But

here we shall restrict discussion to the application

of X-ray fluorescence analysis to this problem.

The concentrations of parent and, especially,

daughter nuclides in samples of geological and

cosmological interest are commonly quite small,

even in ancient samples, and of course the con-

centration of radiogenic daughter is, by definition,

zero at the time the system under study becomes

closed. Thus, techniques of measurement capable

of the determination of concentrations as small

as one atom per million, or even less, are re-

quired. And in addition, accuracies of the order

of a few per cent are generally necessary in order

for these "absolute" ages to be useful. By now,

essentially all of the standard analytical tech-

niques have been appUed to dating studies, but

the most generallv useful one today is the mass

spectrometric "stable isotope dilution" technique,

in which a known amount of a "tracer" (or

"spike") isotope of the element to be determined

is added to the sample and mixed with it, and the

concentrations of parent and daughter are deter-

mined by measurement of the ratio of concentra-

tions, tracer to unknown, in the sample; this can

be determined simply by mass spectrometric iso-

tope abundance measurement. The technique is

thus analogous to the internal standard techniques

of spectroscopy, but superior in accuracy because

an isotope is a more perfect internal standard

than any second element can be, since the chemi-

cal properties of isotopes are more similar than

those of elements.

The isotope dilution technique has, however,

certain disadvantages: it is tedious, it is expen-

sive, it requires a mass spectrometer, and it can

only be apphed to elements with isotopes ;
it can-

not be used with anisotopic elements.

The X-ray fluorescence (XRF) analyzer' pro-

vides a means of easing the above restrictions: it

is quick, relatively inexpensive, and applicable to

all but the lightest elements. But of course it can-

not be used for isotopic analysis. Its first use m
geochronometry was thus as a reconnaissance tool

:

to make it easier for the investigator to select
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Table 1. Comparison <3F X-RAY Fluoresce.NCE AND Isotope Dilution Ages.

Sample 87Rb 87Sr* Age Tech.

L-12 9560 ± 240 344 d= 11 2550 =b 100 MSID-PSU
9202 344.5 2645 MSID-Other

(11000) (412) 2650 ± 60 XRF-PSU

L-15 4250 =h 95 7.27 ± 0.18 123 ± 4 MSID-PSU
4566 6.92 109 MSID-Other
(6100) (7.5) 105 ± 45 XRF-PSU

L-16 6080-140 208-5 2455-80 MSID-PSU
6060 213 2495 MSID-Other
(7160) (238) 2375 ± 70 XRF-PSU

All samples were lepidolites containing less than 1 ppm "common" Sr. Localities are: L-12 = Bikita, S. Rhodesia; L-15 = Pala,

Calif., U.S.A.; L-16 = Along Winnipeg R., S.E. Manitoba, Canada. Isotope dilution concentrations are in/^gm/gm while X-ray data

are in counts per second, as measured. Ages in millions of years, and calculated using Xstj^, = 1.385 X 10"^ dis/yr. MSID = Isotope

dilution; XRF = X-ray fluorescence; PSU—R. Berman (see ref. 1); Other—L. Herzog (see ref. 2).

1
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Fig. 1. Rb and Sr in Bikita LepidoHte: The

analytical problem encountered in X-ray fluores-

cence Rb/Sr age determination is exemplified by
this sample, which contains the highest concentra-
tion of radiogenic Sr®^ yet measured in any mineral,
344 parts per milhon. Its great age (2,500,000,000

years) and its high concentration of Rb (3.44%)
account for this fact, but the high Rb concentra-
tion causes analytical difficulty since the Sr Ka
peak lies between the incompletely resolved Rb
Ka and Rb Kp peaks. The difficulty of estimating
the contributions of Rb and scattered background
at the Sr position makes it impossible to analyze
young samples for radiogenic Sr with present in-

struments. This trace was obtained with a G.E.
XRD-5 with .010 SoUer slit and LiF crystal.

samples which had parent/daughter concentration

ratios favorable for age studies using the mass
spectrometer. It was discovered, however, that,

through the use of standards certified by isotope

dilution, one could sometimes achieve concentra-
tion accuracies with XRF comparable to those

achievable by isotope dilution! This is apparently
possible for all specimens in which the concentra-
tion of the daughter element is high enough to

make an accurate XRF background count correc-

tion possible, and this is the case, with present

commercial X-ray fluorescence instruments, when
[Sr] is above about 20 ppm.

Surprisingly, it is even possible to use the XRF
technique by itself for rubidium-strontium age

determination, without isotopic analysis by mass
spectrometer, for certain minerals. This is ordi-

narily impossible because, even though one can

determine element concentration by X-ray fluo-

rescence, he must make an isotopic analysis to

determine the proportion of daughter nuclide

which has been produced by post-solidification

transmutation of the parent. For instance, in the

case of the Rb-Sr technique, the amount of stron-

tium 87 originally in the sample must be deter-

mined and subtracted from total Sr^^ to determine

the amount of the radiogenic increment. (The
amount of original Sr^'^ is determined from the

concentration of the major "common Sr" isotope,

Sr^^ and its ratio to Sr^^ in "common Sr.")

But as it happens, there exist certain excep-

tional minerals which crystallize so perfectly as to

exclude essentially all "foreign" atoms from cer-

tain sites. One such mineral is lepidolite, a mica
of pink to lavender color which sometimes occurs

in mineral deposits called pegmatites. Mass spec-

trometric analyses have revealed that essentially

all of the Sr in lepidohte is Sr®^, and therefore

radiogenic, and so ages can be determined for

lepidolite by XRF Rb and Sr concentration

analysis alone.

Table 1 presents some of the results obtained in

a study in which "pure" X-ray fluorescence "ages"

were determined for several samples previously

dated by mass spectrometric isotope dilution.^'
^

The agreement between the X-raj^ and mass

spectrometer data sets is remarkable, especiall}^ in

view of the fact that Rb and Sr are adjacent ele-

ments in the periodic table, so that the Sr Ka peak

hes (Fig. 1) in a "valley" between the Rb Ka and

K^ peaks; thus the accuracy with which one can

correct for Rb counts at the Sr position becomes

the factor hmiting the accuracy of the age com-
putation for young lepidolites.
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All of the XRF determinations listed in the

table could have been made in one morning, once

samples had been prepared and working curves

made up. In contrast, the making of the column

of similar mass spectrometric measurements re-

quired several weeks, not counting the equally

tedious calibration of the ''spike" solutions by

standards. This clearly demonstrates the greatest

advantage the XRF technique offers to geochro-

nometry and other geological and cosmological

studies: its great speed. However, the fact that

XRF is nondestructive is also important; this

permits one to save samples and standards for

replicate analysis and interlaboratory calibration

experiments or for restudy as improvements in

technique are brought forward. For these reasons,

an ever-increasing use of the XRF technicjue. and

of its point-to-point analysis extension, the elec-

tron-beam microprobe, is to be expected, for con-

centration determinations in geological and cos-

mological studies.
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GHOST REFLECTIONS

Powder and single-crystal diagrams of cad-

mium-, indium-, tin-, or antimony-containing sub-

stances often show ghost reflections at low dif-

fraction angles. The ghost reflections are the

result of absorption of the continuous radiation of

the X-ray tube in both the sample and the photo-

graphic film emulsion.

A unique example is that of cadmium sulfide

,^c^^'

LINE SPECTRUM CAUSED
BV Cd -ABSORPTION AND
INSENSITIVITY OF FILM
EMULSION

Fig. 1. Al)S()ii)li()n by cadmium and silver.

when investigated In- the radiation of a copper

target tube. In addition to the characteristic CuKa
radiation at 1.541 A, the tube also possesses a

continuous spectrum with an intensity peak at

about 0.5A. Figure 1 shows schematically how a

new spectral line is produced by the absorption

edges of cadmium and silver. First the cadmium
in the sample absorbs all the white radiation be-

low 0.4641A (K absorption edge of cadmium).

Next the remainder of the continuous spectrum

reaches the film after reflection by the crystallo-

graphic planes of the sample. At the silver absorp-

tion edge at 0.4858A a sudden increase in the

photographic sensitivity occurs and produces a

thin band with an average wavelength of 0.475A.

This narrow bandwidth, only 0.0217A, results in a

relatively sharp powder diagram in the low-angle

region (Fig. 2). The ghost diagram is an exact

replica of the normal powder diagram at higher

diffraction angles.

Reference

Robinson, R. J., and Schossberger, F., J. Electro-

chem.Soc. 102, 685 (1955)

F. Schossberger

X = 1.541 A

Fig. 2. Ghost lines by absorption effects.
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GLASS, PLATE AND CONTAINER: X-RAY SPECTROGRAPHIC

ANALYSIS

All elements commonly found in plate and

container glass can be determined by X-ray spec-

trographic methods except those with atomic

numbers below 12. The element sodium and those

below it in atomic number have to be analyzed

by methods other than X-ray at the present time.

The X-ray analysis of glass is straightforward

for most of the elements, but at least five of them
require special attention due to interelement ef-

fects or other interferences. These five elements

are barium, titanium, calcium, sulfur, and silicon,

which shall be discussed individually following

the general procedures for the other elements.

Calibration curves have been found to be linear

for all elements commonly present in plate and
container glasses in the concentration ranges nor-
mally formulated. However, where interferences

occur, corrections are appHed to the X-ray data.

This situation arises only in the case of the five

elements mentioned previously.

Instrumentation. In order to analyze a glass

for the lighter elements magnesium, aluminum,
sihcon, phosphorus, sulfur, and chlorine, a high
intensity X-ray spectrograph is required capable
of generating from an aluminum specimen suffi-

cient intensity that 10,000 or more counts per
second of Al Ka radiation are measured by the
detector. The detector is a wide-window, gas-flow
proportional counter employing P-10 gas (90 per
cent argon + 10 per cent methane). Helium, hy-
drogen or a vacuum path are needed for the X-
rays. The beam must have some collimation in

order to have a moderate degree of resolution. A
pulse height analyzer (PHA) or equivalent equip-
ment is needed for many analyses. A number of
analyzing crystals are recommended for optimum
intensity or resolution including ammonium di-

hydrogen phosphate (ADP), ethvlenediamine d-
tartrate (EDDT), germanium (111), Nad, LiF,
and topaz.

Sample Preparation
1. Single Piece of Glass. A single piece of glass

is preferred to a compacted powder for glass

analysis. A disc iVs in. in diameter by at least Vs
in. thick is cut from the plate glass or the bottom
of the container and is given a standard finish by
wet grinding with 180 grit alumina to make flat

Table 1. Glass Standards.

National Bureau of Standards
7^80 soda-lime-silica glass

^89 lead-barium-silica glass
;i^91 opal glass

j^93 borosilicate glass

Society of Glass Technology*
Standard Glass #1, soda-lime-alumina-mag-

nesia-silica glass

Standard Glass ^2, borosilicate glass
Standard Glass #3, potassium-lead-silica glass
Standard Glass #4, opal glass
* These standards may be obtained by writing to: Univer-

sity of Sheffield, Department of Glass Technology, Elmfield,
Northumberland Road, Sheffield 10, England

Table 2. General Instrumental Conditions
FOR Analysis of Various Elements

IN Glass.

Com-
ponent Technique Analyzing

Crystal
Angular
Position

PHA

AI2O3 Chart EDDT AlKa yes
AS2O5 Chart LiF As Ka —
BaO Scan r/Min LiF 89-84° no
CaO Chart LiF Ca Kor —

Fe203 Chart LiF or

topaz

FeKa —

K2O Chart LiF KK« —
MgO Chart ADP Mg Ka yes
SO3 Chart NaCl S Ka

and
148°

yes

Si02 Chart EDDT Si Ka no
SrO Scan l°/inin LiF 26-21° no
TiOo Scan IVmin LiF 89-84° no
Zr02 Scan l°/niin LiF 26-21° no

Special Analyses

CI Chart Ge ClKa yes

CoO Chart Topaz CoK« —
Cr203 Chart Topaz Cr Ka —

MnO Chart Topaz Mn Ka
P2O5 Chart Ge PKa yes
Se Chart Topaz Se Ka ves
ZnO Chart LiF Zn Ka —

and finished with 302 grit alumina. Both opera-
tions are performed on flat glass polishing plates

and take about five minutes to complete.
2. Glass Powders. When it is necessary to

analyze a glass as a powder, standards and un-
knowns must be prepared in an identical manner
for quantitative analysis.

Reference Standards. Glass standards are few
in number at the present time with the National
Bureau of Standards offering four different tj^pes

of glass only as powders and the Society of (jllass

Technology offering four different types in plate
or rod form. A list of these standards is presented
in Table 1.

Additional standards for the various elements
of interest must be obtained by individual labo-

ratory chemical analyses performed by competent
analysts.

Procedures. Several different procedures are

possible depending on available instrumentation,

the degree of accuracy desired, the concentration
range of the element sought and the presence or

absence of interferences. An unknown glass that is

being analyzed for the first time should be given
a general X-ray spectrographic scan using a so-

dium chloride analyzing ciystal to learn what
elements are present and their approximate con-

centrations. Following the general scan, one is



GLASS ANALYSIS 428

400

E 30

200

100
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DETERMINATION OF BARIUM AND

TITANIUM IN GLASS

CONDITIONS =
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Table 3. Comparison of Chemical and X-ray
Data for CaO in Glass.

r^ r\u -iJT 4.
CaO by CaO by X-ray

CaO by Wet K2O, % X-ray Uncor- Corrected for
Analysis, % ../^.d, % K2O, %

12.51 0.08 12.49 12.51

6.35 0.31 6.29 6.36

6.77 0.50 6.65 6.76

8.49* 0.72 8.32 8.48

7.17 1.09 6.96 7.20

7.05 1.12 6.78 7.03

10.87 2.23 10.37 10.87

* Society of Glass Technology, Standard # 1

.

ready to begin the analysis. High and low stand-

ards for an element of interest are run followed

by the unknowns. One may measure counting

rates on the standards and unknowns or chart the

intensities. In some instances calibration curves

can be obtained from scanning data where one

measures peak height above background. A sum-

mary of the instrumental conditions employed

frequently in our Laboratory for the various ele-

ments is presented in Table 2.

There are two terms under technique which

must be clarified. The term ''chart" means to

operate the recorder while the goniometer remains

in a fixed angular position such as the peak posi-

tion for an element. The term "scan" means to

record intensity while the goniometer traverses an

angular range of an element of interest.

General Procedures. When an analysis for an

element is not complicated by interferences, the

procedure is to chart a high and low standard for

the particular element and then the unknowns. A
linear equation is derived from the data for the

knowns and then the unknowns are evaluated.

The recorder is run continuously during the pe-

riod of the determination in order to keep a rec-

ord of the time and to correct for any drift. Cor-

rection for drift is accompHshed by repeating the

high and low standards following the unknowns

as illustrated in Figs. 3 and 5.

Determination of BaO and TiOo, These two

elements are determined together by a scanning

technique. Figure 1 illustrates a frequent situa-

tion in glass composition with from zero to 0.8

per cent BaO and traces of TiOs . With a hthium

fluoride analyzing crystal the peak positions of

the BaLai and Ti Ka lines are only 1° apart. Fre-

quently there is enough barium in glasses to have

sufficient background under the Ti Ka peak that

it has to be subtracted from the Ti Ka peak in-

tensity. This can best be done graphically as in

the iliustration. The angular scan from 89° to 84°

2 ^ is made at 1° /minute and peak height above

background corrected for overlap is measured

against a standard that had been run under the

same conditions of intensity.

Determination of CaO, The determination of

CaO is only slightly more involved than the ele-

ments that have no interferences. A noticeable

matrix effect caused by potassium in the glass

must be compensated for in order to have agree-

ment with wet chemical values.

The determination is performed following the

general procedures by charting the peak intensity

of Ca Ka for the high and low standards and the

unknown. An X-ray determined CaO value is ob-

tained using a linear equation derived from the

standards. To this value is added the potassium

correction which is found by multipljang the per

10 II

PERCENT CaO

Fig. 2. Plot of data in Table 3 for X-ray analysis

of CaO in glass, as corrected for presence of K2O.



429 GLASS ANALYSIS
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Fig. 4. Calibration curve for X-ray analysis of
SO3 in glass, as corrected for presence of WL76
coincident line. (SGT 1, Society of Glass Technol-
ogy Standard % 1

)

cent K2O found in the glass by (0.225% CaO/1%
K2O). Table 3 presents a comparison between wet
chemical and X-ray data for CaO in glasses hav-
ing a range of over two per cent K2O. These data
are shown in Fig. 2.

Determination of SO3, The determination of

SO3 in glass is made somewhat more complex than
the earlier mentioned elements for two reasons:

(1) the general background intensity at the sulfur
Ka line position is influenced by the calcium con-

tent of the glass, and (2) a fifth order tungsten

L76 line falls very near the sulfur peak. The latter

situation results in a higher background under the

sulfur peak than on either side of it. A high and
low sulfur standard are necessary to evaluate the

contribution of the tungsten line to the peak in-

tensity. The general background intensity is meas-
ured a few degrees from the sulfur peak at 148°

2 e. The peak height above the general back-
ground represents the sum of the two lines S Ka
and WL76 , n = 5. The latter must be subtracted

from the peak height to get the net intensity due
to sulfur alone.

Figure 3 illustrates the problem in the deter-

mination of SO3 . It is seen that the background
intensity at 148° varies with glasses of different

CaO content. The low standard contains no SO3
and therefore, represents the WL76 , n = 5 in-

tensity which has to be subtracted from the peak
intensity to evaluate the sulfur peak alone. Fig-
ure 4 shows our calibration curve including the
data for the Society of Glass Technologv Stand-
ard ^1.
Determination of SiOo . The determination of

Si02 in glass is by far the most complex of the
elements determined by X-ray. There is no single

cahbration curve, but rather a family of parallel

curves dependent on CaO content of the glass.

Some of our data are shown in Fig. 5 to illustrate

the nature of the problem. The slope of these

curves is determined by selecting two glasses with

the same CaO content within 0.1 per cent and
having about 5 per cent difference in SiOo

.

After the slope has been established, a glass

standard having the same CaO content as the un-

known is run followed by the unknown. The dif-

ference in intensity between the known and un-

known when divided by the slope, gives the per

cent of Si02 to be added to or subtracted from
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CHARTING TECHNIQUE FOR THE DETERMINATION OF

SILICA IN GLASS

CONDITIONS:

55 KV, 45 MA, EDDT CRYSTAL
HYDROGEN , SCALE FACTOR 8X1

TIME CONSTANT 16 SEC.

Si Ka PEAK

20 15

time , minutes

Fig. 6

the SiOa value of the known. A chart of this de-

termination is shown in Fig. 6 to illustrate the

procedure.

Reference
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GLASSES, SILICATE: STRUCTURE

In general discussions of the properties and

structure of glass, it is advisable to remember
that glass has no generally acceptable and fully

satisfactory definition. The term is certainly ap-

plied to some linear polymers and to certain un-

dercooled organic hquids as well as, in an older

and narrower sense, to inorganic (network) glasses.

Indeed, Cohen' and Turnbull," for example, con-

clude that all hquids would undergo transition to

the glassy state if they could be cooled before

crystalhzation can take place. According to their

views, glasses may be of very numerous types,

and TurnbulP suggests that substances should be

classified according to their glass-forming tend-

ency rather than as to whether they do or do not

form glasses. Under these circumstances, and when

much is being written about glass by those who
may be primarily interested in some but not all

of its several and apparently very different types.



431 GLASS STRUCTURE

it is becoming particularly necessary to specify

something about the glasses under consideration.

In this article attention is given exclusively to

inorganic (oxide) glasses, chiefly those that are

predominantly silicates. Even for these glasses, it

seems that differences of opinion exist as to

whether the term "glass" applies to both glass

melts and rigid glass or only to the latter. The
definition by the American Society for Testing
Materials favors the rigid glass: "Glass is an in-

organic product of fusion which has cooled to a

rigid condition without crystallization." According
to Morey's* definition, "A glass is an inorganic

substance in a condition which is continuous with,

and analogous to, the liquid state of that sub-

stance, but which, as the result of a reversible

change in viscosity during cooling has attained so

high a degree of viscosity as to be for all practical

purposes rigid." This seems also to favor the idea

that rigidity is necessary in a glass, but the word-
ing does tempt one to infer that the changes that
occur during cooling are not directly pertinent to
structure. In recent literature on sihcate glasses,

there is evidence of increasing prevalence of the
idea that much of glass structure forms in the
melts and that little of basic importance to struc-

ture happens during coohng provided only that
crystallization does not occur.

Furthermore, within this type of sihcate glasses,

a very wide range in properties and characteristics

results according as the number and proportions
of nonsilica components are greatly increased. In
almost all cases, the physical and chemical proper-
ties of the components are so important and so
variable with temperature that few general state-
ments can be made without to some extent speci-
fying compositions and temperature ranges.

Retrospect. Studies and investigations of the
structure of glass are predominantly influenced by
concepts and knowledge concerning liquids and
crystals. Unfortunately, not enough is known
about hquids. Reliance on crystal chemistry and
X-ray analysis of crystals has, in many ways, been
helpful. Forty years ago Huggins' first showed the
silicon-oxygen tetrahedron to be the unit in crys-
talline silica. X-rays have amply demonstrated its

existence in silicate glasses and today it is the
only definite structure in glass concerning which
there is general quantitative agreement.
From a study of crystals, Goldschmidt'' pro-

posed the concept that certain substances were
glass formers because of the physical characteris-
tics and proportionate sizes of their atoms. Then
Zachariasen'^ classified a number of oxides as glass
formers (SiOs , B0O3 , P2O0 , etc.), glass modifiers
(NasO, K2O, CaO, BaO, etc.), and intermediates
(AI0O3, etc.). He also extended to glassy systems,
as rules for their formation, the principles de-
veloped (1928) by Pauling' for the linking of co-
ordination polyhedra in crystalline oxides.

Zachariasen's work soon led him to describe
atomic arrangements in glass as basically an ex-
tended three-dimensional network of tetrahedra
not periodic and symmetrical as in crystals. This
was soon followed by a rather definite formula-
tion of the continuous random three-dimensional

network hypothesis of glass constitution by War-
ren et al.^ after interpreting their broad and poorly
defined X-ray diffraction rings by the method of

Zernicke and Prins^° for liquids in order to obtain
interatomic distances between near neighbors in

simple silicate glasses.

Meanwhile, a less fortunate influence of chemi-
cal crystallography on ideas concerning glass con-
stitution—perhaps one should now say glass struc-

ture—was the proposal by Lebedeff" that glass

contained minute crystals of quartz which
changed from a to ^ ciuartz during annealings.
This is really a crypto-crystalline view of glass,

but it has been often cited as the origin of the
crystalhte hypothesis which has been favored by
investigators in Eastern Europe.
The basic idea that fine crystalline nuclei are

present in glass was stated by Randall et al}^ in

1930. The presence of these nuclei was inferred in

undercooled melts in order to account for breadth
in diffraction rings soon after the pubhcation of

certain X-ray reports by Clark et aU^ in 1929.

The acceptance of the crystalhte hypothesis in the
United States was short-lived because investiga-

tors found no evidence that such hypothetical
crystallites would grow in size in good glass under
conditions favorable for such growth whenever
nuclei of crystals were known to be present, for

example, because of "seeding."

In retrospect, it can now be seen how different

are the problems of glass formation and those of

crystallization, however closely associated. With
improvements in electron microscopy and the ex-
tension of diffraction techniques from X-rays to
electrons, and then to neutrons, together with the-
oretical advances in regard to scattering and ra-
dial distribution computations, have come more
and more evidences of structural groups or re-

gions in hquids and in glasses. Just as the older
ideas of randomness and amorphism yielded to
those of a continuity of network with "short-
range order," so have some proponents of single-
phase glass been forced by newer investigations to
entertain such indefinite concepts as "regions of
maximum order of atomic arrangements" (Porai-
Koshitz"), "precrystalline states" and a "cellular
structure" (Werner VogeP'), or "swarm-like" ag-
gregations (DietzeP'). The idea of the basic tetra-
hedral units joined only at their corners to form
a more or less connected network continued popu-
lar or perhaps gained in the extent of its accept-
ance among proponents of all hypotheses. Even
Lebedeff" modified his original views to the extent
that in 1958 he saw no insuperable contradiction
between his "microheterogeneous" condition and
the network hypothesis.

Undoubtedly there are ample experimental
bases to support most of the ideas that are preva-
lent, especially since the field extends over so
wide a range in compositions of experimental sili-

cate glasses, both as to glass formers and glass

modifiers. Unfortunatel^y, it remains impossible to

say to what extent the phenomena of incipient

crystallizations and the possible extents of modi-
fication beyond optimum for good glasses have
influenced the experimental results. For details of



GLASS STRUCTURE
432

the origin, growth, and some limitations of hy-

potheses concerning glass structure, and for bib-

hographies, the reader is referred to critical re-

views by Stevels,^' Stanworth,^^ Weyl,'° Jones,''

Dietzel,'' Peyches,''^ Prod'homme,'' Vogel,'^ and

Kuhne;'' also Vols. 1 and 2 of proceedings of glass

conferences" at Leningrad, 1953 and 1959. A sum-

mary discussion of the defects and limitations of

X-ray, electron, and neutron diffraction tech-

niques, scattering computations, and radial dis-

tribution methods, etc., by Grotheim and Krogh-

Moe,'' appeared in 1956. Fortunately, the errors

discovered are said to have relatively little effect

on studies of interatomic distances.

Recent Developments. Most efforts that have

been made to solve the problems of the glassy

state can be characterized as leading to ideas of a

"negative" nature. The structure is thought of

merely as not crystalline, not having long-range

order," etc.; and the so-called transition to a glassy

state seems a mysterious something that may take

place if crystalhzation does not occur, or perhaps

be merely the absence of crystallization.

In 1958 at Alfred, New York, during the con-

ference on noncrystalline sohds, Kirby'' empha-

sized the unsatisfactory nature of such negative

ideas and expressed hope that improved radio-

graphic techniques and related methods of analy-

sis would reveal details of a veritable glass

structure. At the same time, Professor Prins'°

mentioned the old questions: Why do some liq-

uids vitrify on supercooling? If high viscosity is

mentioned: Why can high viscosity be reached

without crystallization? Then, regarding the ex-

planation that directional character and strength

of valency bonds lead to "wrong" connectioiis,

Prins made the positive suggestion that 5- or 7-

ring connections, once formed, may be difficult to

readjust if crystallization requires a 6-ring struc-

ture.

Fig. 1

At the same conference, Professor Douglas^

stressed high viscosity at the hquidus temperature

as a general criterion for glass formation, and m
this connection discussed the importance of dif-

ferences in the lowering of hquidus temperatures

by various network modifiers because of their in-

complete and varying degrees of ionization. This

emphasis on degree of ionization is a w^elcome

middle ground between older views concerning

undissociated molecules in molten glasses and

some more recent ionic trends which seem to im-

ply that electrolytic dissociation is complete and

that electroneutral molecules are entirely absent.

Models of Glass Structure. Meanwhile, a basis

for definite, quantitative, and positive approaches

to glass problems was reached by Tilton'' who

discovered that averages of all available radial

distributions obtainable from X-ray, electron, and

neutron diffraction experiments on siUca glass,

taken at face value, lead uniquely to the conclu-

sion that at least some silicon-oxygen tetrahedra

are linked together in plane and regular pentag-

onal rings that form the faces of coordination

dodecahedra. This is a perfectly regular type of

structure and almost but not exactly space filling.

It seemed Hkely that 12 dodecahedra would co-

alesce around a central "cage" to form a nearly

spherical cluster of about 20A diam. with some

stressed bonds, particularly at the periphery. The

average number of tetrahedra per cage in a large

extended vitron cluster would be 5 (Fig. 1). The

radial distributions indicate that such clusters

would have a computed density of 2.0. Small clus-

ters are more probable and can be considered as

immersed in and connected by a somewhat similar

but denser and less regular structure, perhaps with

ring type faces of distorted and twisted coordina-

tion tetrahedra.

Because of the possible importance of these

ideas for problems of the glassy state, the name

vitron was proposed for a cluster of coordination

polyhedra having noncrystal symmetry such as

5- or 7-fold and also having the abihty to fill

space to a limited degree only, so that vitrons, in

contrast to crystallites, cannot grow to macro pro-

portions.

TurnbulP mentions that both Frank^^' and Ber-

naP' have quaUtatively proposed models of struc-

ture according to which Hquids are made up

largely of nearly regular but non-space-filling co-

ordination polyhedra.

At the April 1961 meeting of the American

Ceramic Society at Toronto, Brown and GinnelP

seem, to some extent, to identify their ''asym-

metric cluster picture of glass structure" with the

above-mentioned noncrystal symmetries of vitron

clusters. Certainly, it does seem that some posi-

tive and attractive concepts of the structure of

both hquids and glasses are now available to re-

place the former negative ideas regarding amor-

phous states. These developments lend support to

the idea that glass structure can exist in the

liquid state. Indeed, it is logical to expect high

temperatures in melts to form glass structure and

low temperatures to induce "precrystalline" ar-

rangements. At the same time, it is not clear that
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this would necessarily exclude the existence of

veritable undercooled liquids with neither glass

nor crystal structure.

Vitron Theory of Glass Structure. The prob-

lems of structure of inorganic glasses and the re-

lation of glass properties to the early development

of a theory of structure might be approached first

on a static geometrical basis with respect to the

chemical composition of the network formers and

the character and degree of modification; then,

secondly, with respect to their temperature sen-

sitivity. However, temperature changes and tem-

perature levels which vitally affect expansivity,

anneahng, and viscosity, also relate so importantly

to molar volume, ionization, and immiscibility

that it is inconvenient to maintain so formal a

division.

With respect to network formers, there are bo-

rates, phosphates, fluorides, and others, but vitron

theory has not yet been developed except for the

commonest binary sihcates. Temperature sensitiv-

ity falls into three convenient categories, above

annealing temperatures, within such ranges, and

at lower temperatures. If the idea of a positive or

absolute structure for silicate glasses be accepted

and considered as a higher temperature form than

any of the corresponding crystals, it follows that

only temperatures above and within the anneal-

ing range are pertinent for structural changes.

Simplicity dictates that high-temperature glass

structures (such as plane pentagonal rings of

tetrahedra) form at higher temperatures than po-

tentially crystal structures (such as kinked hex-

agonal rings of tetrahedra). The idea of a "transi-

tion" point or region at still lower temperatures

has no value in studies of structure unless it fa-

cilitates understanding of that high-temperature

type of configurational thermal expansion* that

takes place within and above the annealing ranges

of silicate glasses.

As a suitable high-temperature structure for

silica glass, vitron theory offers the concept of

regular pentagonal dodecahedra. Their existence

is attested by diffraction data, internal stresses are

necessarily present because of growth potential as

opposed to limited space-filling ability, and papers
were published^^' ^'' showing details of their useful-

ness in understanding glass properties. Silica glass

cannot, however, be assumed as composed wholly
of vitrons. The density is too low and it is obvious
that some less orderly but denser structure must
be inferred to connect the vitrons. Moreover,
there are positive departures from ideahty in glass

melts containing limited amounts of most oxides
and these are regarded as indications of a tendency
toward immiscibility. Indeed, immiscibility occurs

for the oxides SrO, CaO, MgO, and others, and
the added oxides are found associated with one of

*This expansion (sometimes called "extraordi-
nary''), is found superposed on lattice thermal ex-
pansion for silica glasses and melts within certain
limits of modification. For binary Na20-Si02
glasses, these limits of modification seem to be as
low as 9 and as high as 30 mole per cent, according
to data by Turner and Winks .^^

the two liquids formed (i.e., metal oxide plus

silica) while the other liquid is almost pure silica.

The simplest explanation,'^^ made on a quantita-

tive basiSj is that the matrix for vitrons has much
smaller cavities than vitrons and that immiscibil-

ity ends whenever it becomes equally easy for

oxides to be inclosed in cavities in vitrons or in

connective matrix tissues. Computations based on

immiscibility lead to a dual character of silica

glass with 30.5 per cent silica in vitron form and
69.5 per cent as matrix.t

The static picture for high-silica glasses on the

vitron basis is, therefore, a continuous tetrahedral

network with a modulated degree of order vary-

ing from a maximum in dodecahedral clusters at

vitron centers to a minimum in the intermediate

portions of the matrix where the cavities are

smaller and perhaps of a tetrahedral nature. Mod-
ifiers are accommodated preferentially in the

larger vitron cavities and probably without much
ionization until homogenization occurs.

Thermally-sensitive Bond Angles, Si-O-Si. It

has been amply demonstrated that the refractive

index, density, and other properties of glasses are

reversibly changed by adequate reannealings at

various furnace temperatures. Tool and his co-

workers at the National Bureau of Standards

(1925-1940) made very many determinations of

volume sensitivity to annealing for numerous
types of optical glass. Whenever sufficient time

was taken for annealings, it was found, in general,

that values of volume sensitivity vary from glass

to glass but are independent of effective annealing

temperature over intervals as large as 100 to 150°C
in or near the annealing ranges for which they

could be accurately measured. The final data were
published by Tool, Tilton, and Saunders,^'' and
their application to structure problems was made
by Tilton*° in 1956. The remarkable fact about
volume sensitivity to annealing is approximate in-

dependence of chemical and physical properties

of the modifiers and their dependence primarily

on the number of metal ions introduced by the

modifications.

Oxygen atoms which join tetrahedra at their

corners can act as thermally sensitive "hinges"

and account for "extraordinary expansion." X-ray
data, as a whole, indicate a value near 180° for

this angle, Si-O-Si, in silica glass at room tem-
perature, and Zarzycki" found approximately un-

t The computation is outlined as follows : If r =
molecular proportion of nonsihca, and q — pro-
portion of silica that forms vitrons, then C —
q{\ — r)/b represents the number of dodecahedral
cavities, and N — r/C represents the number of
oxide molecules per cavity. Values of r at homog-
enization are taken from pubhshed data on im-
miscibility. From the vitron model and a model
for MgO, it was found that the best estimate for

an integral value of A^ at homogenization is 11 and
accordingly q = 0.305. Since the average density of

silica glass is 2.20 gm/cm^ and the computed den-
sity of vitron is nearly 2.00, it follows that the den-
sity of the matrix would be about 2.29 gm/cm^,
which is about the density of neutron-irradiated

silica whether one starts from quartz or sihca glass.
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changed conditions at IGOO^C."-^ In the presence of

modifiers, however, it was proposed that the elec-

tron clouds become polarized and the heteropolar

character of ionic binding changes toward the

homopolar condition in proportion as tempera-

tures are lowered and metal ions are present to

deform the electron clouds. This idea of a tem-

perature-sensitive Si-O-Si bond to explain struc-

tural changes during annealings seemed extenda-

ble to sihcate glasses in and far above their

annealing ranges. This was tested by appHcation

of a simple formula to represent approximately

the densities of alkaU sihcate glasses and melts

over a range of approximately 1000°C from an-

nealing to glass processing temperatures.'' For

silica glasses at moderate degrees of modification,

this additional concept permits a satisfactory re-

conciliation between failures in additivity of vol-

umes and expectations regarding the penetration

of cavities according to vitron theory."^

Degree of Ionization. The study of silicate

glasses with respect to their degrees of modifica-

tion has been dominated by the concept of the

breaking of "oxygen bridges" by cations intro-

duced as modifiers. Unmodified siHca glass, SiOi-

,

has just the proper Si/0 ratio for a perfect three-

dimensional network of tetrahedra connected

through oxygens at each of their 4 corners. One

oxygen bridge is supposed to be broken for each

addition of a molecule of metal oxide.

At R2O modifications of 33.3 mole per cent, the

shared or bridging oxygens would be reduced to 3

instead of 4 per tetrahedron and a three-dimeu-

sional network would give way completely to

''sheet structure." Similarly at 50 mole per cent

modification only a "chain structure" could re-

main. The idea probably originated from crystal

chemistry and it persists in glass literature despite

the fact that many glasses with 33 mole per cent

or considerably more modification have about as

desirable properties and are about as stable as

others considerably richer in sihca. Furthermore,

some of the property-composition curves show

much more indication of "peculiarities" between

10 and 20 mole per cent modification than near 33

mole per cent.

An assumption of some threshold for ionization

was an early concept in the development of vitron

theory .^^ In miscible glass melts it is logical to

assume that modifying oxides are more or less

equally distributed in both vitron and matrix por-

tions of the modulated network; i.e., in a melt

with 16.7 mole per cent R2O or RO, there would

be 1 modifier per 5 tetrahedra, or about 1 mole-

cule of oxide for each large vitron cavity plus

others for the matrix. Whether or not 1 molecule

of oxide per 5 tetrahedra of the matrix would

cause local stress, ionization, and a broken bridge

may be problematical, but it is considered that at

least 1 oxide molecule per vitron cavity except

possibly the largest, like CS2O or Rb20, would

probably be tolerated as a neutral body.

In immiscible melts it is logical to assume that

* This does not preclude a distribution of values

for this angle in the matrix portion of the silica.

most non-silica oxides have entered the vitrons ex-

clusively. From the sizes of the oxides, with re-

spect to a vitron cage, and from the known com-

positional limits of immiscibility, or tendencies

thereto, it is tentativelv concluded''^ that the

oxides K2O, NaoO, U2O, BaO, SrO, CaO, or MgO
do not start to ionize until 1,1%, 3, 3, 4, 6.5, or 11

molecules, respectively, have entered each of the

vitron cavities and none have entered the matrix.

These are the proposed conditions for which it is

postulated that the residual capacity of each

vitron cage may be about equal to the total ca-

pacity of each of the matrix holes which are prob-

ably about a dozen times more numerous. These

numerous matrix holes may average about Vk the

total capacity of a vitron cavity for extrenaely

small units, but for unstressed inclosure of oxides

as such their capacity may be relatively smaller.

Among several experimental evidences for a

threshold for ionization of modifiers, perhaps the

most important was the discovery by White'' et al.

of a threshold for volume expansivities of alkali

silicates, perhaps as early as 12 to 13 mole per

cent. This was confirmed by Tomlinson, Heynes,

and Bockris'^ for the alkaline-earth sihcates. In

each of seven series of binary silicates, the data

accord with the idea that configurational expan-

sion is probably small or absent below the degree

of modification where immiscibilities, or tenden-

cies thereto, terminate.

Stress and Temperature. As modification pro-

ceeds beyond the condition for homogenization as

postulated above, a saturation of the network

with either nonionized or very imperfectly ionized

oxides should rapidly be reached. This is the con-

dition of greatest stress on the bonds of the silica

structure and, in the absence of compound for-

mation, the composition should be approximately

that for the eutectics or lowest temperatures on

the temperature-composition diagrams at which

melts of silicate glasses can exist indefinitely

without crystallization.

Further modification may break some 0-Si

bonds and relieve the strain on others. Again as-

suming no compounds, the liquidus curves should

rise slowly to a broad maximum for some extent

of oxide additions while the damaged composite

network holds to some extent. Then for this over-

simplified picture the ionized-cation saturation

condition is approached, stresses on the remaining

critical Si-0 bonds are increased to breaking,

liquidus temperatures again fall somewhat, and

at a secondary eutectic the full saturation of cages

of the network as such is reached with respect to

all modifiers whether oxides or cations. There-

after even the composite network cannot have any

appreciable three-dimensional character in the

sense that there are inclosed cavities or cages of

the sizes that have been considered in connection

with vitrons.

Stress and Fissuring. When the growth poten-

tial of vitron structure is automatically checked

by mounting stresses in and near the peripheral

Si-0 bonds of each vitron, there are created locally

balanced systems of stresses that are essential in

a vitron model for glass but entirely foreign to
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crystal structure. The tetrahedra are highly sym-

metrical structures with the central siHcon atoms

attracting and ''touching" each of the adjacent 4

oxygens, and at the same time each oxygen is re-

pelled by but "touching" 3 others. Peripheral Si-0

bonds can remain stressed but unbroken only at

the expense of small distortions within all of the

tetrahedra and relatively larger "oblate-spheroi-

dal" distortions of all vitron cages other than a

central cage.

At high temperatures, because of (lattice) ther-

mal expansion, the tetrahedra can be distorted

more and vitron growth be somewhat greater or

more compact especially if the vitron cages are

free from steric hindrance that can result from an
appreciable degree of modification. Then upon
cooling, there is compelling restoration toward
symmetry (because of the 0-0 repulsions) and
volumetric strains are accompanied by the break-

ing of some of the most highly stressed Si-0

bonds. Stress-induced variations occur in average

effective thicknesses of thin peripheral regions

where bonds are stressed and sometimes broken
between vitrons and the surrounding matrix, and
such volume variation is called fissuring.

Fissuring may occur laterally, as intravitron de-

fective regions between the outer cages of vitrons,

or peripherally as defective links between the

outer cages of vitrons and the surrounding silica

matrix network. The idea of fissuring, in general,

is useful for understanding the mechanical weak-
ness of bulk specimens of silica glass and some
second-order effects of temperature and pressure

on its volume.^*'

Fissuring is also sensitive to the degree of modi-
fication of glass. The nonsilica oxides that become
enclosed within vitron cavities retard the extent

of distortion enforced by growth potential, but
on the other hand tend to preserve at lower tem-
peratures such distortion as does occur at the

higher formation temperatures. In miscible glasses,

the modifiers inclosed within the matrix tend to

prevent closure of the (peripheral) fissures when
the enforced symmetry at lower temperatures
would permit such closure.

Lateral fissuring is probably the chief cause of

small increases in the partial molar volume of

silica at low modifier content (before the con-
figurational contraction effect of the Si-O-Si angles

becomes operative).

Flow Units. According to vitron theory, the
phenomena of viscosity**^ in silica-rich glasses are

explainable by assuming that the units that flow
in annealing ranges and at higher processing tem-
peratures are vitrons and the flow is permitted by
the breaking of highly tensed and greatly weak-
ened Si-0 bonds in thin, shell-hke tissues where
the vitrons are separated from each other by an
intervening matrix of silica network. In other
words, the peripheral fissures permit the flow.

These fissures may provide free volume for co-

operative maneuvers among the vitrons that
would permit flow without high potential barriers.

The vitron model is the most definite and per-
haps the only comprehensive detailed proposal
concerning the structure of silicate glasses. From

its use a vitron theory is growing—not by the as-

sumption and rejection of a series of hypotheses

but by the inductive method of proceeding from
particular quantitative data toward generalization.

As this theory emerges, it is found in essential

agreement with much of both the infinite network
hypothesis and the crystallite hypothesis. In addi-

tion, it points out quantitatively a duality in the

nature of silica glass that corresponds with the

hypothetical silica as proposed by Babcock, Bar-
ber, and Fajans.*'' The new concept of a thermally

sensitive Si-O-Si bond has been developed and
the old concept of broken bridges has been modi-
fied by imposing a threshold limitation. Conse-
quently, it is not surprising that vitron theory is

found in qualitative and semiquantitative accord
with much of published data. Most importantly,

the definite character of the model has made it a

useful tool in furthering the understanding of

glass by making quantitative tests possible, espe-

cially in connection with the penetration of modi-
fying cations into the silica network, the extension

of an additive formula for density computations,
and a simple, precise explanation for immiscibil-

ity.

Similar studies of X-ray, electron, and neutron
diffraction data on borates, phosphates, and fluo-

rides should lead to definite models for use in

structural studies of such glasses. In the field of

silicates, the vitron explanation of immiscibility

suggests a possibihty of obtaining new silicate

glasses having higher vitron content and therefore

different properties.
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GONIOMETER, FULL CIRCLE, FOR SINGLE-CRYSTAL X-RAY

DIFFRACTION

An Eulerian circle goniometer (Fig. 1) has been
designed and developed and is now available

which adapts any wide-range goniometer to single

crystal X-ray work. The coordinate geometry for

orienting a crystal is based on the familiar Eulerian

coordinate system. The three parameters necessary

to obtain a diffracted beam are theta (6) phi (0)
and chi (x). (See Fig. 2). Intensities are recorded

by the 'flat cone' method,^ which requires the dif-

fracting plane to be coincident with the plane

formed by the diffractometer axis and the % axis

(ZoON). The diffraction vector and hence the dif-

fracted beam will lie in the diffractometer plane

(XoOYo). The full circle in x allows the straight-

forward exploration of all reciprocal space.

The onh^ other available single-crj^stal orienter

with this convenient geometry has only a little

more than a quarter circle in x- The method of ob-

taining data with the orienter is identical with that

for the full-circle goniometer and has been de-

scribed by Furnas and Marker.* Recently an anal-

3'sis of the experimental factors in obtaining inten-

sities with this type of device has been made by
Alexander and Smith ."

As is variable from to 27r, x must be variable

from to TT in order to explore all of reciprocal

space. Since the reciprocal lattice is almost always

assumed to be centrosymmetrical only to 7r/2

is required in order to obtain complete three-di-

mensional data. However, the use of a minimal
quarter circle in x can be an inconvenience, es-

pecially in the process of aligning a crj^stal.

A full circle is inherently more stable mechani-
cally than a circular arc. It can therefore be made
much narrower and lighter while still gaining in re-

producibility, precision and durability. In addition,

the bearing surface in the full-circle goniometer is

constant and does not vary with x angle as with a

partial arc. These advantageous features allow the

instrument to be installed with the 9 — 29 plane in

a vertical position as well as horizontal. This de-

sign enables a vertical powder instrument such as

the Norelco wide-range goniometer to be readily

converted to a single-crystal diffractometry.

The device rides on the inner race of a large

precision ball bearing. A disengaging mechanism
permits the rapid rotation of the crystal about the

X axis. The ability to rotate rapidly, and in a full

circle, is very useful in the initial optical ahgnment
procedure and in the rapid checking of equivalent

reflections. In studies of dispersion and anomalous
scattering this advantage becomes of great im-

portance.

On the Norelco wide-range goniometer angular

scanning (29 = —35° — 150°) is accomphshed with-

out hindrance due to this narrow design of the x
circle. The ability to obtain negative angles allows

the determination of a precise zero position.

The circle, although small in diameter, had

been designed to obtain reproducibility and pre-

cision of angular settings to within one hundredth

of a degree. This precision is accomplished and

maintained by having the worm and gear <p drive

permanently engaged. For rapid setting of angular

position a pinning mechanism can be unlocked, the

circle spun to within 5° of the desired angle and

repinned. The worm and gear is used for the final

fine adjustment.

Specifications for the crystal arcs include positive

locks on the elevator and translations and spring-

loaded worms driving dovetail circular arcs.
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Installing the instrument is simple. In the

Norelco diffractometers, for example, the standard

specimen holder is removed and replaced with the

full-circle goniometer. The slit systems are re-

placed by a collimator and beam tunnel which are

mounted in the tangent clamps on the wide-range

goniometer. For the Siemens, Picker and G.E.
diffractometers installation is just as simple with

the specially provided mounting plates. The initial

Fig. 1. E and A Full Circle Goniometer.

Fig. 2.

iy Normal to full circle (Axis of Chi) ; Z Axis of
Phi circle (crystallographic direction) ; Zo Main axis
of the full circle goniometer and diffractometer

;

xY Reciprocal lattice plane; XoYo Diffractometer
plane; Xo Direction of the primary beam; O Crystal.

ahgnment is quickly accomplished with the aid of

a few simple tools. The original Norelco clamp is

used to lock the full-circle goniometer in position,

with appropriate arrangements provided for the

other units. The final ahgnment of the omega
angle is made with a standard crystal. Extensive

evaluation and studies of a variety of compounds
have asserted the accuracy and the many desirable

features of this instrument. The goniometer may
also be used as a high-precision pole figure device.
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GONIOMETER: LOW ANGLE SCATTERING

The Rigaku low angle scattering goniometer is

designed for use with X-ray diffraction units to

study the size, form, orientation, and aggregate

condition of small, individual particles of a sub-

stance, or the crystal periods of superlong period

substances either by automatic recording or pho-

tographic techniques.

Application. The extent of application is ex-

tremely wide: for example, the study of organic

and inorganic colloids, protein molecules, fiber

micelles, resins, catalysts, clay minerals, metals,

etc.

Measurements of liquids, solids, amorphous
materials, or mixtures of these substances can be

conducted nondestructively and with a high de-

gree of accuracy.

Construction. Figure 1 illustrates the various

components of the low angle scattering goniom-
eter. Counter and photographic methods are pos-

sible. Spacings up to 1,000A units can be meas-
ured using Cu radiation. The variable optical

systems permit the collimator and counter radius

to be optionally changed. Changeable slits of var-

ious sizes are provided. If the photographic tech-

nique is to be employed, special pinhole colli-

mators are supplied. The third coUimator can be
continuously adjusted. The vacuum X-ray path is

variable. Absorption and scattering of X-ra3^s

caused by air is virtually eliminated. Longer
measurable periods and higher resolution are the

special features of the instrument. The specimen
holder permits a variety of specimens to be ana-

lyzed. For instance, powders, fibers, solids, liquids,

etc., can be used. A variety of attachments, such

as specimen heating and swelling attachments,

can be used with the instrument. The low angle

scattering goniometer has a very high degree of

accuracj^ The unit can be used with most com-
mercial X-ray units.

Figure 2 illustrates the X-ray optical system of

the low angle scattering goniometer.
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A Gase bench
B Stand
C First collimator part

D Second collimator part

E Third collimator part

Fig. 1. Goniometer.

F Specimen holder

G Vacuum path part

H Counter part

I Driving device

J Counter bench
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Second
coll imator

First
collimator

t<^.̂ ^^^^

Fourth
collimator

Third >i

collimator \

Specimen

Geiger-Muller
Counter

(a)

s

^
>^ i a

]

jL

(b)

Fig. 2. X-ray optical system of goniometer,

Summary. The low angle scattering goniometer
is designed and made exclusively as an attach-

ment for X-ray diffraction units to study diffrac-

tion within + or — (plus or minus) 5°.

Because the intensity of X-ray scattering at

small angles is very weak, the optical system of

the low angle scattering goniometer is constructed
in such a manner that the measured X-ray inten-

sitj^ becomes as maximum as possible.

The low angle scattering goniometer can be
used for film or counter investigations.

Donald J. Evins

GRAPHITE AND GRAPHITIC CARBONS: X-RAY APPLICA-

TIONS

In the areas of solid-state chemistry and physics
no solid material presents more interesting and
valuable properties than graphite, one of the poly-

morphic forms of crystalline carbon. In spite of

the fact that it has been long-known and manufac-
tured, contemporary research investigations are
more intensive than ever before, for graphite plays
an increasingly important role in nuclear reactors,

as electrodes in large-scale electrolytic processes,

as a structural material, and in other ways which
demand controlled thermal and electrical conduc-
tivities, enhanced mechanical strengths, densities,

porosities, surface areas and other physical proper-
ties. This does not include the lubricating proper-
ties of finely divided graphite, or the amazing arra}'

of properties displayed by the poorly crystalHzed,

mesomorphic or paracrj'stalline varieties of sub-
graphitic carbons such as cokes, charcoals, soots

and carbon blacks, all of which might serve as a

beginning material for the ultimate production b}'

heat treatment of three-dimensionalh^ ordered
crystalline graphite. A brief survey of these ma-
terials is presented purely from the standpoint of
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the extraordinarily important contributions which

X-ray techniques of several types have made to

the fundamental knowledge of structure and tex-

ture, and to the rigorous control, for example, of

the recrystalHzation of the poorly crystalline

graphitic carbons.

The Structure of Graphite. Diamond and

graphite are the two well-known crystalline forms

of pure carbon, whose structures have been com-

pletely known from single-crystal diffraction

analysis. At present, of course, great interest has

been aroused by the successful commercial pro-

duction of diamond crystals at high temperatures

and pressures from graphite (see articles on

"Diamond" in this Encyclopedia). Graphite from

well-crystallized natural specimens as well as the

most perfectly recrystallized material from com-

mercial processes starting with cokes, etc., crys-

tallizes in the hexagonal system with the space

group PGs/mmc, in which the carbon atoms are

arranged in fiat parallel layers. The distance be-

tween the layers referred to as the c-axis of the

crystallographic unit cell is generally accepted to

be 3.3538A at room temperature (the actual c-di-

mension of the unit cell is twice this, but the

X-ray diffraction measurement is the above dis-

tance between successive planes). In each one of

the flat layers the carbon atoms form a network

of regular hexagons with a C—C distance 1.415A,

essentially the same as the C—C bond lengths in

benzene rings. All of this is in contrast with dia-

mond in which each carbon atom is bound tetra-

hedrally to 4 others at a distance of about 1.54A,

which is essentially the bond length between

carbon atoms in an aliphatic compound like a

paraffin chain. In a sense, then, graphite is the

prototype of aromatic compounds and diamond

of the aliphatic series of carbon compounds.

There is an additional complication in graphite

structure in the fact that a rhombohedral crystal-

line form is sometimes found in X-ray diffraction

patterns, in addition to the usual hexagonal ar-

rangement. In both cases the same layers of flat

hexagon networks are found. In the far more

usual hexagonal graphite the carbon atoms in any

one layer lie over the midpoints of the regular

hexagons in the layer immediately above and form

the packing sequence ababahah, which means that

a third layer is placed with respect to the c-axis

exactly like the first layer, and so on. The rhombo-

[b)

hedral form arises from the sequence ahcahcabc,

and there is clear evidence that these poljmiorphic

changes arise from movements of the layers of

carbon networks with respect to one another. It

is at once obvious that the essential properties of

graphite reside in the existence and the stacking

on these flat layers of hexagonal networks, and

the inevitable defects which may be possible arise

from the imperfect stacking of various numbers

and sizes of these layers. For the bonds between

layers are much longer and much weaker than the

typical covalent resonating bonds within the

layer in the hexagons.

An important property easily measured for

graphites and carbons is the density. The ideally

crystallized graphite with the dimensions derived

from X-ray crvstallographic data is then 2.265

g/ml. The value 1.415A as the C—C bond length

is of course derived from the actual a dimension

of the unit crystal cell which is 2.46A. As will be

seen any stacking disorder or departure from

perfect three-dimensional order will tend to de-

crease the value of the density.

As a basis for understanding just what powder

diffraction patterns can disclose concerning the

nature of graphite and the generally imperfect

partly graphitized carbons, the following list of

the lines identified by the indices of the planes

which produce the diffraction maxima is useful:

0002 (002) corresponding to thedistance between

the lavers along the c-axis), 1010 (100), lOlf (R),

1011 (m), 101 1 (R), 10T2 (10_2), 0004 (004), lOlf

{R), 10T3 (103), 101 V (R), 1014 (104), 1120 (110),

1122 (112), 10T5 (105), 0006 (006), 2020 (202), 202|

(R), 2022 (202), 1124 (114), 2023 (203), 0008 (008),

2025 (205), 1126 (116), 1230 (120), 123! (R), 1231

(121), 123f {R), 1232 (122). Here R refers to rhom-

bohedral lines, and indices are given with all 4

(hkil) of the hexagonal axes or the contraction to

3 {hkl), in which the 3rd index, i, is always de-

rivable from i = -{h + k). Patterns for natural

and electric furnace graphites, and for finely

ground electric furnace graphite are shown in

Fig. 1.

Compounds of Graphite. As a consequence ot

the extraordmary layer structure which imparts

such versatiHty and variabihty to graphite, this

form of crystalline carbon can undergo reactions in

which there is crystal compound formation, but

ic]

Fig 1 Powder diffraction patterns for graphite, (a) Madagascar natural graphite, showing

hexagonal and rhombohedral (dotted) lines. Cu Ka radiation (b) Graphite produced by

heating coke in an electric furnace with rhombohedral lines missing and If^ Pej/ect crystal-

linity indicated by more diffuse lines. Cu Ka radiation (c) graphite m(b) after hours o

grinding for making the lubricant Aquadag showing mcreased breadth of hnes for colloidal

Hrystalhtes. Co Ka radiation, with longer wavelength than Cu Ka, shifting hnes to larger

angles to the right.
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where the lamellar skeleton of carbon rings is pre-

served. From these, graphite usually can be re-

covered with the skeleton unchanged. A distinction

is made between these crystal compounds of

graphite formed by intercalation of additives, and
graphite oxide, formed under strong oxidizing con-

ditions and often called graphitic acid. Here there

is extensive transformation of the skeleton which
becomes buckled and nonaromatic, so that recon-

version to graphite is almost impossible. The crys-

tal compounds or adducts have been extensively

studied (see Ref. 2) and here only a few examples
will be cited, along with the interlayer spacings

of the expanded layers after introduction of the

reagent; as compared with graphite itself with the

c-spacing of 3.36A:

CsK, C24K, C36K, C48K, CeoK 5.40i

(other alkaii metals similar)

CsBr, CieBr 7.05

C5ICI 7.24

CnFeCU (method for separating

fromAlCls) 9.40

C24HS04-(H2S04)2, bisulfate 7.98

Structures of Partially Graphitized Defective

Carbons. The present important uses of graphite

as a nuclear reactor modifier, electrodes for electro-

lytic production of aluminum and other metals at

high temperatures, etc., depend upon the actual

manufacture of three-dimensionally crystalline

graphite from an easily obtained commercial source

(since natural graphite is extremely rare). Such a

source is, for example, petroleum coke, or even the

carbon blacks derived from condensation from the

gaseous phase. The whole matter at issue, then,

is the conversion of partially graphitized, poorly
organized and defective structures, as X-ray analy-

sis has so clearly shown for these raw materials,

into a material which approaches an ideal three-

dimensionally organized graphite, as judged by
high density, typical and acceptable thermal ex-

pansions, electrical and thermal conductivities, me-
chanical tensile and compressive strengths, and de-

finitive X-ray diffraction patterns, especially the

evidences of structural changes between the origi-

nal partly graphitized carbon with defective lattice

structures, and the heat-treated recrystallized final

product approaching the ideal structure of graphite

as described in a previous section.

In the cokes only small regions or 'crystallites'

of the carbon sheet-polymer approximate to the
graphite structure. These are joined together by
various kinds of carbon structures which must be
described as amorphous with respect to the graph-
ite lattice. Sometimes the coke almost classes as a
nongraphitizing system in which there are cross

links uniting small packets of parallel layers of

carbon hexagon networks. In the real graphitizing

carbons, in which cokes are generally classed, the
mutual orientation of such packets is considered to

lie much closer to that required in near-ideal

graphite. RecrystalHzation on heating is considered
to involve the gradual displacement of whole layer
planes or groups of layer planes. This can take
place more readily by small stages and proceeds by

jumps or clicking into place to give local ordering.

Recent literature shows that a dislocation mecha-
nism of ordering accounts for the fact that com-
plete graphitization is not possible at any one tem-
perature such as 1600°C for all of these planes do
not jump into place at the same temperature. In

the case of some carbon blacks, for example, tem-
peratures as high as 2500 to 3000° may be re-

quired. This indicates, then, why raw materials

may vary so widely and why the final graphitized

product must show variations detectable by X-ray,

thermal, electrical, density and mechanical tests.

X-Ray Diffraction Criteria of Structures. In

structural investigations and in the control of the

graphitizing process it is obviously important to

extract every possible bit of information from
powder diffraction patterns as registered in modern
diffractometers.

Intensities^ The intensity or height of a diffrac-

tion peak is of course relatively constant with re-

spect to other peaks for other sets of planes in

ideally crystalline powders. In graphite, of course,

the 002 peak representing the spacing along the

c-axis between the fiat carbon hexagon networks is

the first on the pattern, the strongest and the most
persistent throughout all stages of disordering.

Hence, for the imperfect materials the intensity is

a measure of the amount of the small packets of

parallel layers in a disorganized matrix. But in

such cases the peak may have increased breadth, in

comparison with the peaks of maximum sharpness

for the ideal powder, whose significance will ap-

pear later. It is most interesting that in work by
the writer and associates the ratio of the 002 peak
intensity or height to the breadth is the single

most definitive and fruitful test of raw material

and graphite obtained therefrom in enabling pre-

diction of performance in thermal, electrical and
mechanical respects.

Interplanar Spacing in the c-Direction (or
002 peak). It is not difficult to measure with

great accuracy the 2d diffraction angle for the

prominent 002 peak, and from the Bragg law,

the doo2 spacing. As already indicated, this value
for the most perfect graphite crystals is 3.3569A.

In each layer of the carbon hexagon network the

C—C distance of 1.415A, remains practically un-
changed even in highly imperfect graphitized car-

bons (unless the layers are buckled under extreme
conditions). However, the interlayer spacing is

fairly sensitive to impurities, as demonstrated in

the discussion of graphite compounds, and to the

degree of turbostratic disorder (one layer is

twisted with respect to the next as though a deck
of cards is turned in opposite directions between
the palms of the hands). The so-called nongraphi-
tizing carbons do not yield full three-dimensional

order even when heated for long periods up to

2000°C, and these have a doo2 spacing of about

3.7A, instead of 3.36A, alwa^'s an indication of some
locked-in resistant material. The so-called graphi-

tizing carbons in which coke is ordinarilj^ classed,

begin to show a reduction in defects, responsible

for the enlarged spacing, around 1200° heating and
are usually well-aligned at 2200°. Before this align-
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Fig. 2. Diffractometer chart for a carbon black, with the larger hump to the left corre-

sponding to the 0002 sharp peak for crystaUine graphite but with a 3.7A spacing instead of

3.36A; and the smaller unsymmetrical hump designated 10 instead of 1010 and 1011 for

graphite.

ment the interlayer spacing on the average is

3.44A. On heating above 1600° mixed structures

arise with some layers with a graphitic stacking

order of 3.36A and others still with turbostratic

disorder at 3.44A. Actually, a mean over-all spac-

ing may appear instead of two resolved peaks,

whose value is expressed best by the equation

d = 3.440 — 0.086 p{l — p), where p varies pro-

gressively as the stacking order increases from 1

to 0. Bacon has published a standard curve for p

plotted against d, from which it is possible at once

to estimate the proportion of disoriented layers

in any sample.

The Number of Diffraction Lines. As previ-

ously indicated, the 002 peak is the principal fea-

ture of any carbon pattern, and may even be the

only clearly visible interference in a diffraction

pattern. With graphitizable cokes, important

changes, usually after heating at about 1600°, can

be observed in patterns. New peaks begin to ap-

pear corersponding to reflections hkl which are

like those for ideal graphite. As the maximum tem-

perature of heat treatment is increased, the hkl

graphite lines increase in sharpness and intensity,

almost as a temperature measuring device, on up

to maximum average resolution at 2800°. Initially

even the most disordered carbons like the cokes

exhibit diffuse bands corresponding roughly in posi-

tion with the 002 and 100 graphite lines, indicating

the presence of carbon hexagon networks packed

in parallel layers but not otherwise oriented. Still

more grossly disordered carbons like the carbon

blacks used as fillers in rubber tires show on their

patterns hk, not hkl, diffuse bands with an asym-

metrical shape, being steeper on the low-angle side

(Fig. 2). This is the criterion for a two-dimensional

diffraction effect, within each individual layer,

since the parallel stacking is the only three-dimen-

sional ordering. Now if there is progressive graphi-

tization on heating, varying from one sample to

another depending on the history of the raw ma-
terial, this can be and is detected from the pro-

gressive growth of hkl reflections. It is an interest-

ing fact that with cokes progressively graphitized

the 101 reflection begins to appear only for network

diameters greater than 150A (see next section).

Hence the interlayer attractive forces between

these flat aromatic macromolecules which consti-

tute each layer become sufficiently strong to im-

pose parallelism in opposition to disordering in-

fluences.

Sizes and Shapes of Crystallites from Diffrac-

tion Line Widths. In ideal cases of graphite single

crystals of size above the colloidal range (less than

about 10"" cm.) the size of the flat sheets of hexa-

gons is cjuite large, in which case 002 peaks and

other hkl interferences will have minimum widths

possible under the experimental conditions. In

actual cases of the carbons here discussed, this

size may fall to 50A or less. This affects the inter-

laA'er spacing doo2 and of course the diffraction lines

broaden as the size decreases. Particle size meas-

urement from line broadening is comprehensively

covered in several articles in this Encyclopedia.

Suffice it to indicate here that particle size, L, of

colloidal crystallites is calculated from L =
(KX//3) cos 6, where K is a constant of the order

of unity, X is the X-ray wavelength, ^ is increased

width of the diffraction line over the instrumental

minimum, and 6 the Bragg angle which identifies

the origin of each line. If a particle is spherical or

cubical (equiaxed) then all the hkl interferences

will give the same value, but if the particle is a

needle or a flake, then the shape is indicated by the

values for 2 directions, say at right angles to each

other. This is the method which has made possible

a remarkable distinction between carbon blacks:

thus Lc would be the size of a primary crystalline

particle in the c-direction, the thickness in the

stacking direction or the number of these lamellar

layers; La would be the size at right angles, in the

plane of the sheets, as measured for the 2-dimen-

sional 10-reflection. In all cases the breadths of

the peaks on charts are measured at points of half-

maximum intensity. One of the very best rubber-

reinforcing carbon blacks was found, in extensive
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wartime researches in the writer's laboratory, to

have a shape factor La/Lc — 4/1—in other words

very thin flakes, four times greater in size of the

layers than the thickness in the c-direction—while

another carbon black suitable for electrical uses

such as dry cells, but poor for rubber reinforce-

ment, had a shape-factor of 1/1. It is obvious

then that measurements of particle size and shape

are of greatest significance and a major achieve-

ment of X-ray techniques.

Preferred Orientation Effects. Since graphite

itself is so typically anisotropic in structure with

vastly different properties in two directions (as

compared with perfectly isotropic diamond), it

would be expected that preferred orientation of

crystallites in specimens prepared from finely

powdered graphitic materials would have a pro-

found effect upon such properties as differential

expansion, and all electrical, thermal and mechani-
cal properties, especially if the preferred orienta-

tion persisted after heat treatment of extruded

rods or molded plugs, electrodes, etc. In extrusion

the longest dimension of the carbon particles tends

to line up parallel to the axis of extrusion, while

during molding, particles tend to line up with the

longest dimension perpendicular to the molding
force. After recrystallization by heating to graph-
ite, if there is residual preferred orientation, high-

est thermal and electrical conductivities and great-

est strength are along the axis of extruded rods,

while minimum values of these physical properties

are in the direction of the molding force. Residual
orientation is observed on X-ray patterns by char-

acteristically abnormal intensities, or better still,

by a fiber pattern on a flat photographic film 360°

in azimuth, with localized intensity maxima on the
diffraction rings which are uniform for a com-
pletely random array.

Porosity, A highly characteristic property of all

raw materials such as lumps of coke from coking
ovens is the porosity. This property, which is

really the ratio of true to apparent volume of the
carbon specimen, is most easily and ciuantitatively

measured by X-ray attenuation (see Porosity
Measurement by X-ray Attenuation). Depending
on the variables of coke formation from petro-
leum stocks, values have ranged from 30 to 75
per cent porosity. Even though the coke lumps
are reduced to a fairly uniform flour for fabrication
with suitable binders of rods, plugs, sheets, etc.,

supposedly with elimination of porosity of the
lumps as a variable, there is ample evidence in the
performance of final products that pores do have a
persisting effect. Porosity is itself a measure of the
defects in the partly graphitized carbon of coke
and shows the way in which the crystallites are

linked together. These partly graphitized carbons
have bulk densities as much as 25 or 30 per cent
below that of the ideal graphite. In such carbons
the arrangement of atoms at internal surfaces of

pores can and does have important effects on the
physicochemical properties and behavior in graph-
itization by heating. As much as 20 per cent of the
pore volume may consist of inaccessible pores. It

has been proved by Dresl and Roberts that carbon
atoms 'blocking' such pores are far more reactive
than those in the perfectly graphitized regions,

since oxidation at 430° in air removes all the
blockages with a loss of mass of less than 3 per
cent.

X-ray Spectronietric Analysis. Along with the
aforementioned applications of X-ray diffraction

and attenuation or absorption methods to investi-

gations of graphitic materials, it should also be
obvious that the powerful method of fluorescence
spectrometry for analysis of chemical impurities is

widely applied in this as well as so many other
fields. Since this method is covered by nearly 50
articles in this Encyclopedia the details need not
be repeated here. There have been recognized
along with all the physical types of defects in the
carbon lattices the existence and importance of
chemical impurities between layers, and defects by
incorporation of foreign atoms in carbon hexagon
networks, even as stable in configuration as they
are. For example, boron (which has too low an
atomic number and too long, characteristic X-ray
wavelengths to be determined by X-ray spectrom-
etry at present) in small amounts lowers markedly
the temperature of recrystaUization, electrical re-

sistivity, etc. Hence the effects of all types of
impurities must be recognized in terms of the
chemical identity and amount of each in the raw
material and in the finished product constructed
from this most versatile and unique solid form of
the element carbon.
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GROWTH HABIT. See Silver Halides.
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HALF-VALUE LAYER (HVL). See Quality, X-Ray.

HALOGENS-STRUCTURE, BONDING

X-ray diffraction methods have been used to

determine the crystal and molecular structure of

several halogens and interhalogen compounds:

CI2, By2, L ; BrCl, ICl (two forms), IBr; CIF3,

BrFs , ICI3 ; BrFs ; and IF7 . The structure of sev-

eral polyhahde ions like If, Is", I9", etc. have also

been determined but are not discussed in this

section. A complete authoritative review article^

on both these subjects has just appeared.

Most of the results to be described have been

obtained in the last ten years, since the growth

and diffraction study of crystals at low tempera-

tures has become common. The liquid material

is sealed into a fine capillary of glass for some of

the substances and of fiuorothene for the fluorine-

containing substances. This sample is then slowly

cooled, in place in the diffraction camera, by a jet

of chilled gas, to produce a single crystal. The

cyhndrical shape of such a crystal has the impor-

tant advantage that corrections for absorption may
be easily made.
Molecular Structure. The polyatomic inter-

halogen compounds have been investigated pri-

marily to determine their molecular structures;

the results have posed interesting problems for

theories of chemical bonding because they possess

more electrons than can be accomodated in the

usual simple picture. The molecular structures of

other compounds in this family have been deter-

mined by electron diffraction and by microwave

spectroscopy.

The next several paragraphs summarize the

structures determined in crystals. The dimensions

are given in Angstrom units and degrees

Chlorine Trifluoride and Bromine Trifluoride.

These molecules are roughly T-shaped,

F3—X—F2

,

I

Fi

with X = CI or Br. The dimensions are as follows.

ClFs^ (at -120°C): Cl-Fi , 1.621; CI-F2 = CI-F3,

1.716; F1-CI-F2 = F1-CI-F3 = 87.0°. BrFa' (at

-125°C): Br-Fi, 1.72; Br-Fs , 1.85; Br-Fs , 1.84;

Fi-Br-Fo, 82.0°; Fi-Br-Fs , 88.4°. Both are exactly

planar and CIF3 has symmetry mm in the crystal.

Iodine Trichloride. In the solid this compound
is really LCle with a structure formally similar to

that of diborane

CI2 Cli CI3

I

CL Cli CI2

The dimensions are :* I-Ch , 2.68 ; I-Cl. , 2.39 ;
I-CI3

,

2.38; CI2-I-CI3 , 94° ; Ch-I-Clo ,
91°.

The molecule possesses a center of symmetry, and

deviates only insignificantly from symmetry mmm,
so that it is nearly planar.

Bromine Pentafluoride. The molecule is ap-

proximately a tetragonal pyramid with the bro-

mine atom slightly below the base. The demen-

sions^ at -120°C are: Br-Fi , 1.68; Br-F^ , 1.81;

Br-F3 , 1.82; Br-F4 = Br-Fs , 1.75; Fa-Br-F^ ,
80.5°;

Fi-Br-F3, 86.5°; Fi-Br-F^ = Fx-Br-Fa ,
85.4°. The

atoms Br, Fi , Fa , and F3 lie in a mirror plane
; Fi

is at the apex of the pyramid.

Iodine pentafluoride^ has a more complicated

crystal structure which has not been worked out.

Iodine Heptafluoride. The molecule is de-

scribed roughly as a tetragonal pyramid with two

additional fluorine atoms below the base. The

dimensions^ at -145°C are: I-Fi , 1.71; I-F2 =
I-F., 1.80; I-F3 = I-F5, 1.83; I-Fc = I-F7 , 1.85;

F,-I-Fo = FX-I-F4, 78.5°; F.-I-F3 = Fx-I-Fs ,
84.0°

Fc-I-Ft, 76.7°; F.-I-Fe = F.-I-F: ,
63.2°; Fa-I-Fe =

F.-I-F., 91.2°; Fs-I-Fe = Fs-I-Fv , 98.2° ; F2-I-F3 =
F.-I-F5, 86.5°; F2-I-F5 = F3-I-F4, 91.2°. The mole-

cule possesses a twofold axis on which lie atoms

I and Fi ; atoms 2, 3, 4, 5 lie roughly in a plane

perpendicular to this axis and forming the base

of the pyramid; atoms Fa and Ft are on the op-

posite side of the base from Fi

.

Bonding in Interhalogen Compounds. Char-

acteristic of these molecules (and also of related

ions) is a structure which has monovalent atoms at

some of the vertices of a nearly regular octahedron

which is approximately centered on a polyvalent

central atom. The central atom is never fluorine,

the outer atoms are commonly fluorine. Only IF7

deviates, in part, from this geometry.

The obvious interpretation is that the central

halogen employs spM' octahedral hybrid orbitals,

or hybrids closely related, for bond formation.

However, this use of outer d-orbitals is energet-

ically unfavorable."

Alternatively the structures may be interpreted"

on the basis of molecular orbitals which do not re-

quire the use of d-orbitals. One special case of such

molecular orbitals provides an attractively simple

interpretation. This is the case which gives rise to

linear three-center bonds by combination of atomic

orbitals which are essentially p-orbitals oriented

along the bond axis. Of the three molecular orbitals

which can be constructed from three p-orbitals, one

on each of three atoms, one is bonding, one is

nonbonding, and one is antibonding. Thus four

electrons can be accommodated in the first two

orbitals to give a three-center bond which has

bond order unity.

If these three-center linear bonds are supposed

to link the atoms within each nearly linear set of

444
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three, then the geometry of the molecules can be

understood. For example, in CIF3 , Cl-Fi is ap-

proximately a normal single bond while F2-CI-F3 is

a three-center bond. The two bonds are nearly

perpendicular because they are formed from dif-

ferent p-orbitals on the chlorine atom. The normal

single bond is approximately an sp^ trigonal hy-

brid; the other two such hybrids are occupied by
the unshared pairs on the chlorine atom. The ob-

served distortion from the ideal 90° bond angles

presumably reflects the fact that unshared pairs

occupy more than their proportional share of solid

angle around any atom, i.e., more than their

share of s-orbital.

Crystal Structure. Although solid iodine is

sometimes cited as a typical molecular crystal, in

fact it exhibits remarkably short distances be-

tween atoms in adjacent molecules. The other

halogen and interhalogen compounds show similar

peculiarities; two of the simpler structures illus-

trate these fixtures.

Chlorine, bromine, and iodine are isomorphous,

with space group Cmca. Iodine, e.g., has unit cell

dimensions' a = 7.250, h - 4.776, and c = 9.771A.

The atoms lie in parallel mirror planes and so form
a layer structure. The distances between atoms in

adjacent layers are normal van der Waals dis-

tances, within a layer the distances are much
shorter.^ Each iodine atom has four nearest neigh-

bors at distances 2.67, 3.55, 3.55, and 4.04A. The first

represents the usual I—I single bond. The succes-

sive angles are I—I"-I, 105.5°; I---I---I, 84.6°;

I- • -I- • -I, 81.7°; I---I—I, 88.3°. The two 3.55A

distances are sufficiently short, and sufficiently near
ideal bond angles, that they may usefully be called

bonds, although clearly not nearly so strong as the

normal single bonds.

A more extreme example of intermolecular bond-
ing is shown by iodine monochloride in both of

its two crystalline forms. In both forms there are

zigzag chains of ICl molecules with normally long
distances between chains. In a-ICP the chains have
the form

I- -I—CI

I

:

CI
I...I-

Cl

-CI

In ^-ICl" the chains differ chiefly in being twisted
approximately 180° about each of the vertical

bonds so that the single-bonded chlorine atoms
lie on alternate sides of the chain. Within the
chains the I---I distances are 3.08 and 3.06, the
I- • -CI distances are 3.00 and 2.94A, in the a and jS

forms respectively. In both the angles are roughlj^
90° and 180° at an iodine atom, 109° at a chlorine

atom. Again the short intermolecular distances can
be considered as bonds.
The other interhalogen compounds show similar

short distances in the crystals.

These intermolecular bonds indicated by the
structures can be interpreted in the same general
terms as the intramolecular bonding in the inter-

halogen compounds. In the crystals of I2 and of

ICl, each set of three nearly collinear atoms is

joined by a three-center bond. Here, however, the

bond is distinctly unsymmetrical in a way which
tends to preserve the identity of the individual

molecules. Apparently no detailed treatment of

this situation has been presented.
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HAZARDS OF RADIATION IN REALISTIC PERSPECTIVE*

That radiation in its many forms is of great

value to man is not debatable. Similarly, that radi-

ation can be received by man in harmful amounts
is not debatable. The question as to whether or

not there is some level of radiation exposure below
which impairment will not result to man, is most
decidedly debatable ; and despite the enormous ef-

fort that has been directed to this point, there is

no essential knowledge today which was not avail-

able ten years ago and that will lead to a specific

answer to this question. It is therefore assumed
with great prudence, hut without proof, that any
unnecessary exposure of man to radiation must be
considered as harmful. Again, the degree of harm
is completely undefinable for the levels of radia-

tion to which tens of thousands of radiation work-
ers have been exposed for the past several decades;
its deleterious effects on the human system are j^et

to be proven.

Radiation is used today for the protection of

health as well as for the promotion of material

welfare. As for our health, there is no question but
that radiation used in medical diagnosis or therapy
has been one of the important factors in the steady

increase of our life expectanc3\ Even in man}^ in-

dustrial applications, it is only fair to say that

radiation adds another factor to life extension by

* Taken from a lecture at the International
Atomic Energy Agencv, Vienna, 31 March 1960;
published in Physics Today 15, 6, 32 (June, 1962)
and here by permission.
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making possible the nondestructive inspection of

the mechanical parts of such things as planes,

pipes, automobiles, and other engineering devices,

the failure of which could otherwise be costly in

terms of lives.

Each use of radiation may entail some avoidable

or unavoidable exposure of man to radiation. Thus,

radiation can at the same time be of great boon

to our health, and a possible destroyer of our

health. The two concepts are obviously in conflict.

A further conflict comes because, as our technology

is improved and expanded, the essential, or at least

useful applications of radiation are also expanded.

With each new use, and assuming no threshold, the

over-all risk to the population is also increased re-

gardless of how small or whether or not any harm-

ful effect can, in fact, be detected.

The problem of reducing or minimizing un-

necessary exposure is one that has been under

continuous study by the National Committee on

Radiation Protection and Measurements (NCRP)
and other groups for over 30 years. Without these

efforts our population would, without question, be

exposed to much more radiation today than it ac-

tually is. The development of radiation exposure

criteria has in a sense been largely empirical. This

empiricism results from the fact that at any of Iho

occupational exposure levels used for the past 25

years there is still no reliable information showing

a causative relationship between the exposure and

injury. Permissible exposure levels for radiation

workers have been pushed downward in several

successive steps since they were first established

in 1934. Each downward step has been dictated by

a more acute awareness of the possibility of radia-

tion hazard, and by expanding uses of radiation.

Each such step has been compatible with our abil-

ity to continue to use the radiation, and lias been

made possible to a major extent by impro\cments

in our technology and our industrial know-how.

Whether the levels of today are sufficiently low

or too low is something that cannot be answered

solely on the basis of currently available scientific

information.

The fact must be recognized that radiation uses

entail certain advantages as well as possible harm

to man, but until the harm can be quantitatively

evaluated subjective decisions must be relied upon

as to what the acceptable radiation levels must be.

Furthermore, there must be a willingness to ac-

cept the fact that certain procedures or operations

are so essential to our over-all health and well-

being that at the same time there must be wilhng-

ness to accept some real risk to the person so ex-

posed. One could name many areas outside of the

radiation field where such balancing of risk against

gain is accepted, in spite of the absence of stand-

ards against which either can be measured.

The establishment today of acceptable levels of

radiation exposure is filled with many unknowns
and uncertainties, the answers to many of which

may not be available for decades or generations to

come. Pending the development of this informa-

tion, the NCRP has developed a system of radia-

tion protection standards, or better, protection

guides, the use of which has unquestionably been

of great value. Where it has been necessaiy to use

balanced judgment in the setting of these protec-

tion criteria, the judgment has almost invariably

been in the direction of conservatism; that is, in

the direction of increased rather than decreased

protection. On the other hand, one can argue that

leaning always in the direction of conservatism is

an admission of the acceptance of a position

dominated more by sentiment than by science—this

could be a very dangerous position.

In establishing protection criteria, there are two

principal types of biomedical damage with which

to contend. The first of these is somatic damage

or damage to the ordinary body cells of the in-

dividual. The other damage is genetic damage or

damage to the germ cells, through which hereditary

characteristics are passed on from one generation

to the next.

Somatic Injury. Somatic damage is limited to

the individual whose cells are injured. Here, except

for exposures very much larger than permitted oc-

cupationally, and very rarely encountered, it has

not yet been possible to see a causative relation-

ship between the exposure and the injury. This

does not necessarily mean that there has not been

an injury. It may be that it is simply not yet

known how to observe the injury. The injury may
in fact l)e so obscure as to have mainly an influence

on the life span of the individual. However, there

is no way of determining whether a specific life

shortening is caused by radiation or by any of a

thousand other effects which can produce equiva-

lent damage. Life shortening itself is not sharply

definable.

Specific radiation effects have yet to be clearly

demonstrated in radiation workers exposed for

years to radiation levels from 50-500 times that of

the background radiation with which they live

anyway. But the population of radiation workers

is relatively small, probably less than a quarter of

one per cent of the whole population. If the entire

population were exposed to the same levels of

radiation, it might be possible by large-scale

statistical studies to observe some change in the

disease or death rate produced by radiation. Even

this is not certain because every disease known to

be produced by radiation can also occur naturally

from other causes not related to radiation.

Genetic Injury. Genetic damage is much more

subtle than somatic damage. For one thing, the

damage does not evidence itself in the individual

who is exposed. The effects of the original damage

come only in succeeding generations and only in

a small percentage in each generation. Like somatic

damage, the genetic aberrations can also occur for

many reasons unrelated to radiation exposure. In

fact, it is believed at the present time that only

about 5 per cent of the total genetic damage in

man is produced by radiation in the natural en-

vironment to which he has been exposed through-

out tiip.e yet natural background radiation ac-

counts for nearly two thirds of man's exposure from

all sources.

Genetic damage transmitted through the pro-
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creative process naturally becomes more and more
difficult to locate in successive generations. It can,

therefore, be detected only by very sophisticated

statistical means and for this reason when con-

sidering radiation exposure, it is necessary to

consider the average exposure of the whole popula-

tion rather than the exposure of any given indi-

vidual. The over-all genetic picture is essentially

unaffected by some people having relatively large

exposures while others have virtually none at all.

Any variations quickly disappear in the normal
breeding of man, but it is, of course, important to

the offspring of those exposed.

Radiation Exposure Criteria. As pointed out

many times over the years, the establishment of

radiation protection criteria must, to considerable

extent, be subjective until it is possible to detect

and understand the effects of very low level ex-

posures such as encountered by radiation workers.

On the other hand, many years of experience with

radiation workers exposed at permissible levels

have failed to show any causative relationships be-

tween dose and effect. Present occupational ex-

posure criteria appear to be acceptable, and one
has difficulty in seeing any quantitative basis for

changing them either upwards or downwards at the

present time.

There is considerable experience of a somewhat
qualitative nature involving the many radiologists

who have unquestionably been exposed to total

amounts of whole-body radiation considerably

higher than considered acceptable today. They
have not suffered any noteworthy deleterious ef-

fects, causatively related to their radiation ex-

posure, although there is some evidence for a pos-

sible small increase in the incidence of leukemia.
It can at least be said that the over-all effects of

radiation on radiologists has not been catastrophic.

Maximum permissible exposures for the popula-
tion-at-large being set at 1/10 of those for radia-

tion workers will involve not more than 1/10 of

the risk to the individuals in the same age bracket.

On the other hand, exposure of the entire popula-
tion including those in the childbearing age to this

maximum level might be both somatically and
genetically unacceptable, although this remains to

be proven.

Up to a point, it may be said that the exposure
criteria both for radiation workers and for the
population-at-large are based on observation', in

fact, they are based on the observation of our pres-

ent inability to detect deleterious effects. One can-
not, however, accept with complete assurance that
this is an entirelj^ satisfactory basis for the estab-
lishment of permissible dose levels.

Special Problems of Internal Emitters. The
problem of radiation exposure from internal emit-
ters is vastly more comphcated and less well under-
stood than exposure from external sources. The
basis for the establishment of a permissible dose
from internal emitters goes back to the levels
chosen for whole body exposure to external radia-
tion and for which no observable effect has been
found. Since the individual cell has no way of
distinguishing between the sources of radiation

that may damage it, it can probably be said with

reasonable assurance that the effects of a given

dose would be the same whether from internal or

external radiation sources.

The validity of this approach is supported, at

least in part, by experience with radium-dial

workers, where the radioactive material was de-

posited in the bone throughout the body. After

some study, the original permissible body burden
was set at 0.1 /ng. The total body burdens of

radium have been recently evaluated in some
hundreds of persons by various means and it has

been established that for amounts less than 0.4 fig

there are no observable deleterious effects on the

individual. It has also been determined that a total

body burden of 0.1 fig will, in fact, deliver a dose

twice as large as we consider acceptable from ex-

ternal sources. Thus on the basis of absence of ob-
servable effects the internal and external exposure

criteria are compatible.

The difficulties with the problem of internal ex-

posure arise in the matter of how to measure and
control it. For only a few radionuclides is it pos-

sible to determine the amount of radioactive ma-
terial deposited in the body. It is therefore neces-

sary, as in the case of many other industrial

hazards, to control the body content by the amount
that is allowed to get into the body by one means
or another in the first place. In the case of radio-

active material, there are many and serious pitfalls

lying between the basic requirement of holding the

dose to a given permissible level and prescribing

the criteria by which the body intake may be con-

trolled.

Assuming that the permissible whole-body ex-

posure for external radiation is reasonable and ac-

ceptable, the ffi'st step is to determine the body
burden; i.e., the amount of radioactive material
which, when distributed in the whole body, will

result in the permissible dose level. Theoretically,

it is possible, knowing the amount and location of

radioactive material in the body, to calculate the
dose arising from this foreign material.

A more difficult step is involved in determining
how the radioactive material distributes itself in

the body after having once entered by means of

food, water, and air. A still more difficult step is in-

volved in determining the amount or concentra-
tion of material in food, air or water that will in

turn determine the amount that is absorbed by
the body. The very definition of a permissible in-

take involves so many assumptions and uncer-
tainties at the present time that the whole pro-
cedure is open to question. It is true that there
are many bits of evidence on certain radionuchdes
in certain physical and biological conditions that

contribute to our information on this, but, the total

lack is much greater than our total knowledge.
Another large and uncertain step is the transla-

tion of a given concentration in an- or water to an
actual daily or annual intake and retention by the
body system. This depends on many physical and
physiological factors about which little is known.
For example, one factor of possibly great sig-

nificance and about which little is known, may
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have to do with the physical size of the particles

of radioactive material that are contained in the

intake material. It may well be that radioactive

particles of large size may be swept mechanically

through the system and be quickly eliminated,

whereas less active particles of much smaller size

would be absorbed almost in toto.

It is because of these large uncertainties that

protection committees do not like to see maximum

permissible concentrations (MPC) or even maxi-

mum permissible doses (MPD) regarded as basic

protection criteria which must be rigidly inter-

preted and enforced. At the very best, MFC's are

derived protection criteria containing so many un-

certainties as to render them almost meaningless

under some circumstances; with existing knowl-

edge, it is almost impossible to say whether they

are too high or too low. It is for such reasons that

the NCRP has always stressed the need to use an

MPD or MPC primarily as a guide, to which must

be added a good measure of common sense. Yet at

the same time, they have to be accepted in lieu of

anything better. The chances are, that if they err,

they err on the conservative side. One reason for

this is that in each of the successive steps men-

tioned above, where there has been a choice or

a need for the exercise of judgment, the choice

has been in the conservative direction. This may
have occurred several times throughout the proc-

ess of calculation and may lead to the very real

possibihty that the final result has been made

grossly overconservative in some instances. There

are probably very few instances where the final

result is likely to be seriusly underconservative.

Single-Organ Dose. The problem of determin-

ing permissible exposures for single organs has one

or two possibly simplifying factors but still con-

tains all of the uncertainties mentioned above.

In general, it is reasonable to suppose that if only

one organ is exposed, the effect on the whole system

will not be as serious as if the whole body includ-

ing that organ were exposed to the same level.

For this reason, the permissible dose for many
single organs, is three [or more] times greater than

the permissible level for the whole body.

Even here there is a large uncertainty that has

to do with the essentiahty of a particular organ

to the over-all functioning of the body. Very little

is known as to how damage to any one of the many
body organs can influence the whole system. In

general, it is probable that the current permissible

levels for single organs are substantially more con-

servative than those for the whole body, but a vast

amount of research remains to be done before this

can be clearly established.

Chronic vs. Acute Exposure—Recovery. There

are additional compHcations with regard to the use

of the present-day concept of maximum permissi-

ble dose, depending upon whether the exposure to

the radiation is distributed over long periods of

time at a low level or over rather short periods of

time at higher levels; namely, the differences be-

tween chronic and acute exposure.

Present day MPD's are designed primarily for

occupational exposure conditions, and are calcu-

lated on the basis of essentially continuous expo-

sure over a period of approximately 50 years. For

short-lived isotopes, the concentrations are calcu-

lated in such a way as not to permit the build-up

of an equilibrium body burden exceeding the

permissible amount. In the case of radionuchdes

whose life is long in comparison with 50 years, the

concentrations are designed so that the maximum
permissible body burden and dose rate will not be

reached until the end of the 50-year period. This

appears to be an obvious inconsistency, but it has

not been easy to find a simple way around the diffi-

culty.

Now in any exposure, whether it be chronic or

acute, it is reasonable to assume that for somatic

damage, there is some element of recovery. Fur-

thermore, on the basis of medical experience, it is

reasonable to assume that the chances of recovery

are better, the lower the dose rate or the total

dose. Medical experience also indicates that while

there may be substantial recovery, it is never total.

In other words, there may always be a small frac-

tion of residual damage.

Currently it is believed, again on the basis of

medical experience, that if a nonlethal, acute ex-

posure is followed by essentially complete absence

of exposure, the body will eventually recover all

but about 10 per cent of its original vitality. Re-

covery also depends upon the continuity of the ex-

posure. A given dose dehvered in successive ex-

posures with intervals between will be followed by

more rapid recovery than the same dose delivered

in a single exposure. It is also believed that the

damage may increase with the dose rate and that

hence the ultimate recovery may be somewhat

higher from low dose rates than from high dose

rates.

From the above discussion, it would appear to be

reasonable that exposure of the population at levels

1/10 of those designed for radiation workers may

be overly conservative if the pubhc, instead of be-

ing continuously exposed, only receives exposures

near the permissible levels on occasional or at

infrequent intervals.

Other well-established areas of conservatism

have been the assumptions (1) that there is no

actual threshold of radiation effect; and (2) that

radiation effects are linear with exposure down to

zero exposure.^ There is no sound proof that either

of these assumptions is correct but in absence of

positive contrary indications they have been

chosen—again in the atmosphere of conservatism.

However, on the basis of the present inability to

observe radiation effects for low doses, it is almost

necessary to accept the idea that there may be

''practical thresholds" to radiation exposure. The

present permissible exposures for radiation work-

ers have been set at levels below which no delete-

rious effects have been observed; therefore, accord-

ing to all indications, the levels are substantially

below some "practical threshold." Another example

might be in the case of radiation-induced leukemia,

for which there appears to be no information at the

present time causatively relating a single case of

leukemia to an exposure of less than 75 roentgens.



449 HAZARDS OF RADIATION

For the time being, then, we might accept a practi-

cal threshold for leukemia of the order of, say, 50

roentgens. Certainly, if we use such a concept we

would not be subjecting the population to any

overt insult by setting the permissible exposure

criteria so as to assure that their total dose did not

exceed this value.

The discussions above relate primarily to damage

to the individual. In seeking to control the individ-

ual exposure, it is reasonable to set the maximum
at the practical threshold level. However, to assure

that few if any people exceed this maximum, it is

desirable to use an average value for the whole

population which is substantially lower than the

maximum.
Comparison of Radiation Exposure Sources.

Against the possibility that it may be desirable to

regulate the uses of radiation in accordance with

the exposure that each gives to the population, it

may be of interest to examine some of the radia-

tion sources. Aside from the natural environment,

man's radiation exposure may arise from two prin-

cipal kinds of sources. The first of these might be

X-rays such as used in medicine, industry, and re-

search; the second would be radionuclides in

similar or other applications. X-rays are different

from other sources of radiation in the important

respect that when they are not desired they can be

turned off.

Also, a body exposed to radiation from external

sources ceases to be irradiated as soon as it or the

sources are removed or the source turned off. Ir-

radiation from radioactive material within the

body, of course, continues to irradiate the tissues

until the material either decays to inconsequential

levels or is by some means removed from the body.

Since the beginning of time the human system is

exposed to natural sources of radiation arising from

cosmic rays, radioactivity in the earth and radio-

activity within the body itself. Moreover, radioac-

tivity within the body gradually increases because

of the extremely small but continuous intake that

occurs in food and water. There can be very wide

variations in the radiation exposure received from

these natural sources. For example, in the Midwest
certain essential water supphes contain radium at

levels approaching those considered permissible for

occupational exposure. There are also areas in the

country where the earth has much higher than nor-

mal content of radioactive material with a conse-

quent increase in external exposure and probably

also an increase in the amount of radioactive ma-
terial that is taken into the body through the food

grown in these areas. In the normal surface soil in

the United States, each square mile in a layer 1

foot thick will contain some 3 tons of uranium, 6

tons of thorium, and 1 gram of radium. External

exposure from the sources together with cosmic

radiation contributes some 100 mrem a year to the

gonadal dose, while internally deposited material

(K*°, Ra, C", etc.) adds about 25 mrem more.

Exposure to radiation varies with altitude be-

cause of the increased intensity of the cosmic rays

;

for example, at an altitude of 5,000 feet (Denver,
•Colorado) the cosmic ray exposure is about two

and one-half times that normally received at sea

level; in airplanes at 35,000 feet a hundred times.

At 18,000 feet the cosmic ray dose is about equal to

the dose from earth radiation.

No one is immune from environmental radia-

tion exposure to some degree or another, but in

addition, technological advances have led to the

introduction of radiation and radiating devices into

industry as well as into the home in various forms

which cannot be regarded as completely inconse-

quential.

The following rough tabulation will serve to give

a little perspective as to the average gonadal dose

to the population from several common sources of

radiation. (Some of the figures have been modified

since originally presented in 1960.)

Natural background (B.G.)

Medical procedures

Luminous devices (clocks,

125 mrem/yr.
10-50% of B.G

^1%
etc.)

Shoe-fitting machines >0.1%
Television receivers -2%
Fallout (30 year)

Occupational
Waste

-1.6%
-0.4%
>0.4%

One must use great caution in using such data,

because the various exposures indicated are com-

parable only for very limited conditions. There is

no real basis for comparing the effects of television

radiation with that from K" or Sr^° in the body.

These various sources of radiation exposure (and

a score of lesser ones not listed) must be examined

in relation to their importance to our health and

well-being—their importance must be questioned.

A listing of essential radiation uses would be

more extensive than nonessential radiation uses be-

cause of enormous ramifications in the applications

of radiation in industry, medicine, and research.

Undoubtedly, the most important and essential

uses of radiation either in the form of X-rays or

radiation from radioactive materials are in the

medical field. Here, if properly and wisely used,

X-ray diagnosis and treatment can protect or re-

store health.

Industrial uses of X-rays as well as sealed radio-

nuclides are essential in the nondestructive testing

of critical components of machinery and the prod-

ucts of machinery, particularly where the safety of

the part is essential to the safety of the user. In-

dustrial uses of X-rays probably result in a greater

output of radiation than all of the medical uses

combined. However, there is fortunate advantage

here in that under most circumstances adequate

shields can be constructed so as to maintain the

exposure of the workers at extremely low levels.

Apportionment of Radiation Uses. From the

preceding discussions, it is not difficult to under-

stand why authorities responsible for radiation con-

trol may find themselves thinking about the ap-

portionment of radiation uses or the assignment

of quotas for different classes of radiation use.

However, there are severe limitations as to the

fraction of man's total exposure that can be appor-
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tioned. Natural background must of course be ex-

cluded; it amounts to roughly 66 per cent of our

total exposure as of today.

Medical exposure cannot be assigned a quota;

in spite of causing up to about 30 per cent of man's

exposure, its benefits so far outweigh the concur-

rent risks, if any, that it must be applied as re-

quired. However, there must be a continuing effort

to eliminate unnecessary medical exposure and to

further improve techniques leading to exposure

reduction wherever possible.

The remaining 4 per cent of man's exposure to-

day derives from all other man-made radiation

sources. In the light of this, arguments for appor-

tionment or the assignment of quotas to different

classes of exposure appear to be somewhat aca-

demic for the immediate future; this may, of

course, change. But, in view of the over-all lack of

detailed knowledge about radiation effects, there

appears to be little urgency for subdividing and

rationing what amounts to only a few per cent of

the total radiation exposure of the population.

Decisions governing radiation apportionment will

be very difficult indeed, and cannot be made

solely on the basis of scientific information. There

will iDe many political and socioeconomic questions

that must be decided on the basis of necessity, and

a wiUingness to compensate for possible risk.

If it can be agreed that some amount of radia-

tion exposure is acceptable by the average man, in

return for the gains to that average man, assurance

must be provided that there is a reasonable rela-

tionship between each increment of gain and each

increment of exposure. For example, medical uses

of radiation alone cannot be allowed to use up all

of man's quota of exposure to the exclusion, say of

the development of nuclear power. The day will

come when nuclear power will be critical to his

survival. No more can man be expected to use up

his quota through the development of nuclear

power to the exclusion of the medical uses of radia-

tion. These two examples possibly represent upper

extremes in value.

It will be especially important to scrutinize care-

fully the obviously less essential uses to determine

whether the risk that they entail is worthwhile in

comparison with the advantages they provide. For

example, it would not appear to be wise to curtail

the development of nuclear power in order to have

more beautiful but radioactive bathroom tiles.

Today the over-all situation is probably not very

bad nor is it likely to become very bad in the life-

time of most of us. On the other hand, we have a

deep moral responsibihty to make certain that the

problem does not become a critical one for those

that follow us. We are thus inescapably compelled

to consider and, consider carefully, the question of

the long-range uses of all radiation sources, what-

ever, to be certain first, that any level we set is not

seriously exceeded and secondly, to be certain that

no one source causes us to use up our exposure al-

lowance at the expense of other uses which may in

fact be more essential to our over-all health and

well-being.

Reference

'Somatic Radiation Dose for the General Popu-

lation," Science 131, 482 (Feb. 1960)

L.\uRisTON S. Taylor

HEAVY ATOM METHOD. See Alkaloid Structures.

HEMOGLOBIN STRUCTURE. See Myoglobin and Hemoglobin.

HETEROCHROMATIC (POLYCHROMATIC) SYSTEMS. See

Bone Mineral Content.

HIGH-TEMPERATURE X-RAY DIFFRACTION: I GENERAL

SURVEY

General Survey. Before the development of

high-temperature X-ray cameras, conditions at

high temperatures had to be deduced from quench-

ing experiments or from physical properties such

as conductivity and expansion. Such deductions

gave no direct information about structural

changes and were based on the often unjustified as-

sumption that the high-temperature condition is

preserved after the S3^stem is quenched.

High-temperature X-ray diffraction techniques

are used to investigate structural changes and

chemical reactions of solids at the temperature of

reaction. This technique was first used to study the

thermal expansion and the phase changes of metal

wires; an electric current was passed through the

wires and the diffracted X-rays were recorded on

a photographic film. Two different apparatus have

been developed: the high-temperature powder

camera and the high-temperature diffractometer

attachment.
High-Temperature Powder Camera. The high-

temperature powder camera is in principle a

Debye-Scherrer camera equipped with a heating

device for the sample. The technique requires ex-

posures of several hours evacuation of the camera

or protection of the sample by inert gas atmos-

phere and shielding to protect the film. If the sam-

ple is a conductor or is brought onto the surface of

a metal wire, it can be heated by an internal cur-

rent, by external radiation with electric heating

elements, or by induction heating.

In a clever method^ a 0.2-mm platinum wire is

used as a support and a heating element for the

powdered sample. This method facilitates measure-

ment of the temperature directly from the plati-

num lattice spacings. Displacement of the platinum

fines due to expansion of the lattice is in direct re-

lation to the temperature of the sample and is re-

corded together with the fines of the sample.

Most high-temperature powder cameras use an

external furnace for heating. A schematic view of

such a camera is shown in Fig. 1. A gap between

the two parts of the furnace insures free passage of
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the incident and the reflected X-rays. However, the

gap also is the cause of a prime difficulty: radiant

heat losses through it cause a steep temperature

gradient along the sample.

Platinum heaters are preferable to tungsten or

molybdenum, except under conditions of tempera-

tures above 1600°C, very high vacuums or protec-

tive atmospheres. The furnace requires a constancy

of +2°C at 1000°C over a period of 5 hr. This con-

stancy can hardly be achieved without some form

of automatic tem.perature control. Calibration and

exploration of the temperature distribution show
that differences in the thermal emissivity of the

standard and the sample can cause errors of 20°C

at 500°C. When precision is required, internal cali-

bration should be simultaneously combined with

thermocouple measurements. At temperatures

above 1500°C optical pyrometry is particularly ef-

fective, although the measurements must be made
under black-body conditions.

An important step in increasing the temperature

range employs induction heating. Temperatures in

excess of 2200°C can be obtained by supporting

the sample on a conductor which is placed in a

suitable work coil and heated by an induced eddy
current. The film must be protected from intense

heat and radiation emitted by the furnace. Alu-
minum foil is an effective shield.

In a recent innovation the film holder is mounted
outside the vacuum chamber so that it can be
changed without disturbing the vacuum or the

temperature conditions. This arrangement allows

several photographs to be taken in succession. The
diffraction window consists of aluminum foil, ''My-
lar" foil, or beryllium. Mylar foil and beryllium
sheet can be sealed to the camera body of rings.

Figure 2 shows the hemispherical furnace assembly
and casette mounting of the Goldschmidt-Cunning-
ham powder camera.^ The vacuums attained in

such cameras are usually 0.1 ^.

DIFFRACTED
BEAM

INCIDENT
X-RAY BEAM

b)M (
«

) 1

1 »
)) (

°
)

« »
))

»
)

20»C

400*C

1200* C

BACK REFLECTION
REGION

Fig. 1. High-temperature X-ray diffraction pow-
der method (a) Straumanis-type film mounting and
furnaces, (b) Line shift due to lattice expansion at
high temperatures.

External heating is also used to study single

crystals in X-ray cameras. Since the single crystal

must be mounted with cement on a needlelike sup-

port, the temperature range of such investigations

is limited.

The introduction of high-temperature X-ray dif-

fraction techniques" has made possible studies of

oxidation processes, structural changes, and phase

transformation at high temperatures, formation of

solid solutions, expansion coefficients, and systems

in which the high-temperature form reverts to the

original or some other form even if quenched.

Schematic drawings of the line shift due to expan-

sion of the crystal lattice at higher temperatures

are shown in Fig. lb. The line shift is especially

pronounced in the back-reflection region.

High-Temperature Diffractometer Attach-

ment. If a Geiger counter is used instead of a

photographic film to record diffracted X-ray in-

tensities, the design of the apparatus becomes com-
paratively simple. The counter diffractometer

method is particularly suited to high-temperature

work because it permits transformations to be fol-

lowed within minutes, in contrast with the sub-

stantial length of photographic exposures of

Debye-Scherrer diagrams. The apparatus is usu-

ally built as an attachment to a Geiger counter

diffractometer, and consists of a water-cooled evac-

uable shell and a cover plate mounted on the dif-

fractometer spindle. The shell contains the furnace

assembly and an adjustable sample support.

An elaborately designed high-temperature at-

tachment is shown in Fig. 3. This attachment was
used for in situ investigations of chemical reactions

or film formation on a heated substrate.^ The shell

was filled with a reactive gas such as oxygen, car-

bon dioxide, or hydrogen sulfide, and the gas was
permitted to react with the substrate. Solid reac-

tive substances were evaporated from two over-

head boats.

In situ observation of film formation by X-ray
diffraction can be supplemented with continuous

conductivity measurements by depositing electrodes

on the substrate prior to the film deposition. This

additional feature produces a high-temperature at-

tachment which is useful in solid state chemistry

research. A 210° window opening is provided for

the incident and the diffracted X-rays, and a My-
lar strip is used as a low-absorbing X-ray window.
The Mylar window is sealed to the shell by an
0-ring and retaining frame and is protected from
overheating bv an aluminum foil shield inside the

shell.

Since temperature control of the flat sample is

important, elaborate systems have been developed

to supply power to the furnace.^ The temperature

can be regulated either by set point control or by
program control. In the temperature range of 100

to 800°C the control unit should maintain a tem-

perature constancy of ±1°C. A resistance heater

should provide an average temperature deviation

of less than 1 per cent of the average sample tem-

perature. The maximum operating temperature

with imbedded heating elements is 1000°C. For ex-
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periments in an active gas atmosphere the heating

element is imbedded in ceramic cement. Tempera-

tures up to 2000°C can be achieved by using induc-

tion heating instead of the resistance heater. Be-

cause of the more uniform temperature distribution

of a cyhndrical induction coil, circular disk-shaped

samples or auxihary sample heaters are used. Other

heaters use a flat sihcon carbide rod or a platinum

strip.
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HIGH-TEMPERATURE X-RAY DIFFRACTION: II COMPARI-

SON OF INSTRUMENTS AND TECHNIQUES

The study of structures at elevated temperatures

by X-ray diffraction has become a widely used

method. Either high-temperature cameras or dif-

fractometers are used, with specimen furnaces de-

signed individually for specific requirements. In

recent years some versatile camera and diffrac-

tometer designs for high specimen temperatures

have become commercially available and have

been used to an increasing extent. There is a vast

number of publications dealing with such instru-

mentation. The subject of high-temperature X-ray

cameras and diffractometers has been reviewed

extensively by Goldschmidt (1955), and that of

diffractometer furnaces by Campbell, Stecura, and

Grain (1961). The present discussion is intended to

facihtate understanding of the design principles

and to survey the instruments in use. Data and

references pertaining to various designs with par-

ticular combinations of properties are given in

Tables 1 and 2 and should assist in selecting the

most suitable instrument design for a given pur-

pose.

Instrument Types. The most widely used in-

struments for polycrystalline specimens are the

camera and the diffractometer. Since high-tem-

perature X-ray diffraction is employed for a va-

riety of studies, e.g., structure determination,

transformation, measurements of the coefficient

thermal expansion, the requirements for maximum
temperature, stability of temperature, desirable

part of the diffraction pattern, precision, prac-

ticable exposure time, etc., vary accordingly. The

instrument types vary also with the nature and

shape of the specimens. Powders, wires, strips,

single crystals of different shapes and block speci-

mens may be used. Special instruments were de-

signed for liciuid specimens (Zarzycki, 1956, C;

Hendus, 1957, C).* Also, high-temperature attach-

ments for Weissenberg cameras have been de-

veloped (Nonius, C; Young, 1960. C).

Most high-temperature diffraction instruments

provide atmospheric protection of the specimen

by vacuum or an inert gas. Some operate at high

gas pressures to reduce the volatihty of materials

which develop a high vapor pressure at the tem-

perature employed (Basinski and Christian, 1954,

C ; Goon, Mason and Gibb, 1957, C).

Finally, some instruments allow additional speci-

men treatments or measurements during X-ray

diffraction exposure at high temperature. Instru-

ments have been described in which the specimen

mav be exposed to reactive gases (Motz, 1957, D)

or tensile stress (Birks, 1954, D), in which changes

of the electrical resistivity may be measured (Ha-

nak and Daane, 1961, C") or in which the micro-

structure may be observed simultaneously (Guter-

man. Dron. Lozinskii and Teumin, 1958). One

aspect of the difference between cameras and dif-

fractometers warrants a discussion specifically for

high-temperature apphcations; the possibility of

successive or continuous recording of thermally

induced structural changes. Diffraction cameras

usually permit one to record a considerable part

of the diffraction pattern at a time, and, therefore,

lend themselves best to recording changes of the

entire diagram. Many cameras have been con-

structed to allow easy exchangeability of the films

or to permit the exposure of several successive

patterns on one film (Berthold and Bohm, 1932,

C; Seemann, C; Schossberger, 1938, C). Cameras

for continuous recording of structural changes

(Biegler, 1957, C; Rigaku-Denki, C) up to an

equivalent of 120 separate exposures per sheet of

film (Warlimont, 1959, C) are a further develop-

ment. Counter diffractometers are most advan-

tageous for continuous recording if changes of only

a single or few reflections in intensity or position

are to be observed.

Heating Methods. The heater should provide a

uniform and stable temperature to the irradiated

part of the specimen, permit the passage of X-rays,

and be shielded toward the film and other parts

of the instrument. Two methods have been found

to be most suitable: direct heating by passing a

current through the specimen or specimen sup-

port, and heating by radiators of different shapes.

Occasionally, heating by focussed radiation from a

remote source, induction heating, and gas stream

heating have been used. Figure 1 illustrates the

heating methods in schematic drawings and in

Tables 1 and 2 the data of instruments are listed

which are cited as examples.

Direct heating by passing a current through the

specimen. Fig. la, has been used in several de-

signs (Goss, 1935, C; Birks, 1954, D). The obvious

restriction to wire and strip specimens, and the

* All references given are intended to serve as

tvpical and particularly useful examples. A com-

plete listing is not intended. The instrument types

are indicated by capital letters : C = camera, D —
diffractometer.
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a -
WIRE

SPECIMEN

DIRECT PASSAGE OF
AN ELECTRIC CURRENT

(b)
THIN CYLINDRICAL OR CONICAL
RADIATOR HEATED BY DIRECT
PASSAGE OF AN ELECTRIC CURRENT

(c) TRANSVERSELY SPLIT

CYLINDER RADIATORS

IB
I I

I
I

I

\^
I I

LONGITUDINALLY SPLIT

CYLINDER RADIATOR

Fig. 1. Schematic representation of heating methods used in high temperature X-ray dif-
fraction cameras and diffractometers.

difficulties in specimen holding and temperature
measurement have discouraged extensive use of

this method. Alternatively a resistance-heated
platinum wire or strip is used as the carrier of the
specimen powder (Kubo and Akabori, 1950, C;
Sowman and Andrews, 1953, D) or hciuid specimen
(Zarzycki, 1956, C). A recent further development
is the simultaneous use of the heated wire as

specimen carrier and thermocouple (Aruja, Welch
and Gutt, 1959, C).

Most high-temperature cameras and diffractom-
eter furnaces contain radiators. A thin-walled
graphite cylinder surrounding the specimen and
heated by direct passage of current, Fig. lb, was
used as a radiator in an early instrument (Berthold
and Bohm, 1932, C) whereas a nickel cone or cyl-

inder, respectively, acting simultaneously as beta-
filter (for copper radiation) were used more recently
as radiators (Steward, 1949, C; Dent and Tavlor,
1956, C; Barclay and Donaldson, 1961, C). Instead
of passing the radiation through a heater element
transparent to X-rays which provides a very uni-
form temperature distribution but requires par-
ticularly suitable and thin materials, a split cylin-
der arrangement has been used in several designs
with either transverse sphtting, see Fig. Ic (Jav,
1933, C; Ellwood, 1940, C; Van Valkenburg and

McMurdie, 1947, D), or longitudinal sphtting, see

Fig. Id (Kennedy and Calvert, 1958, D; Klein,

1958, D; Spreadborough and Christian, 1959, D).
The splitting up of the heater element intro-

duces a gap into the system which gives rise to an
undesirable temperature gradient at the location
of the specimen. Most furnace designs use a par-
ticular heater shape or a varying density of wind-
ings to compensate for the heat loss in the X-ray
gap. In a heater consisting of two semispherical
halves, separated by an X-ray gap, Fig. le, the
nonuniform temperature distribution in the center,
where the specimen is located, may be reduced to
a minimum. This principle has therefore been
widely used. The hemispheres are usually shaped
from a refractory material with a resistance-

heated wire imbedded (Unicam, C; Tem-Pres,
D). Other arrangements for providing a field of

uniform temperature are two mutually opposed
hot plates, Fig. If (Seemann, C; Owen, 1949, C), or

flange-shaped radiators with internal resistance

windings, Fig. Ig (Warhmont, 1959, C). In the
latter arrangement a split cylinder arrangement,
i.e. the cjdindrical parts of the flange, is combined
with a compensation of the heat loss in the gap by
the hot-plate effect of the disc parts of the flange.

Plane hot plates (see Fig. Ih) have often been
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SHAPED RADIATORS

Ih) HOT PLATE HEATERS

PLANE HOT PLATE HOT PLATE WITH

RECESSED SPECIMEN

(i) GAS STREAM HEATING

Fig. 1 (cont'd.)

used as diffractometer furnaces (Birks and Fried-

man, 1947, D; Bassett and Lapham, 1957, D;

Rowland, Weiss and Lewis, 1959, D; Rigaku-

Denki) and once in a focusing and back reflection

camera (Diament, 1956, C). In order to improve

the uniformity of the temperature distribution the

hot plate should contain a recessed cavity for the

specimen, or be surrounded by booster heater ele-

ments. Recently, a hot-plate type furnace with low

thermal inertia has been developed (Hurwitt and

Appel, 1961,D).

Among the less common methods are heating

by a hot stream of gas for improving temperature

uniformity (Biegler, 1957, C; WiUiamson and

Moore, 1956, D), by a high-intensity remote hght

source through a focusing mirror arrangement

(Materials Research Corp.), by induction (Ed-

wards, Speiser and Johnston, 1949, C), and by elec-

tron bombardment (Flinn, C).

Temperature Measurement and Calibration.

The subjects of temperature measurement and

calibration have been treated in detail by Berry,

Henry, and Raynor (1951), Goldschmidt (1955),

Brand and Goldschmidt (1956) and Campbell,

Stecura, and Grain (1961). Exact temperature de-

termination is difficult in most high-temperature

X-ray instruments because temperature gradients

in the specimen can hardly be avoided and it is

undesirable to attach a thermocouple to the ir-

radiated specimen surface.

For the use of thermocouples in contact with

small wire or powder specimens extremely thin

thermocouple wires are required to reduce the heat

loss by conduction. A very elegant method ap-

plicable to nonreactive powder specimens consists

of enclosing a thermocouple with the powder m its

capillary container and leading the wires back

through the specimen holder in a manner per-



457 HIGH-TEMPERATURE DIFFRACTION II

mitting rotation (Biegler, 1957, C). A similar ar-

rangement and a number of alternative methods

involving direct contact between specimen and

thermocouple have been described by Johnson

(1961).

The temperature in cameras is usually measured

by thermocouples arranged in close proximity to

the irradiated part of the specimen. However, the

direct temperature readings of thermocouples thus

arranged are unrehable for calibration (Brand

and Goldschmidt, 1956). One arrangement has

been described which reduced the asymmetry in-

troduced by the presence of thermocouples to a

minimum by using two ring-shaped thermocouple

pairs closely above and below the irradiated part

of the specimen (Basinski, Pearson, and Christian,

1952).

In diffractometer furnaces, thermocouples at-

tached to the specimen are widely used. However,
temperature gradients within the specimen require

close consideration (Campbell, Stecura and Grain,

1961).

If moderate precision is sufficient and for tem-
peratures above incandescence, optical pyrometers

may be used with cameras (Edwards, Speiser and
Johnston, 1949, C) as well as with diffractometers

(Zarzycki, 1956, D).
The thermocouple readings are calibrated against

the changes of known intrinsic properties (lattice

parameters, phase transformations) of pure ma-
terials. The calibration substance may be used

simultaneously with the specimen in a mixture or

in juxtaposition (Owen, 1949, C).

Reliance on calibrating the power input of the

furnace is not recommended because furnace char-

acteristics may change during the experiment. It

has also been pointed out that differences in emis-

sivity between the calibration material and actual

specimens have to be taken into account if the

temperature determination is based on internal

calibration only (Berry, Henry and Raynor, 1951).

The extensive collection of lattice parameter and
phase transformation data by Pearson (1958) is

a most suitable source of information for tem-
perature calibration of high-temperature X-ray
cameras and diffractometer furnaces.

Specimen Mounting. The two main require-

ments for mounting specimens in high-temperature
X-ray instruments are : chemical and mechanical
stability of the support material and absence of

chemical reaction between the support material or

atmosphere and the specimen.

Powders may be mounted either in a tube or in

the form of a self-supporting, fritted rod, or at-

tached to a substrate (fiber, wire, plate).

Thin-walled tubes are most widely used as

specimen containers for cameras and are available

for high-temperature application in different ma-
terials (silica, beryllia, magnesia, alumina) (Re-
pertoire de Materiel Cristallographique', 1959).

Evacuating and seahng the tubes prevent reaction
of the powder with the atmosphere and inhibit

volatilization. Using a silica tube, a specimen is

prepared as follows: the powder is filled into the
tube; a silica fiber, just slightly thinner than the

inner diameter of the tube is inserted (see Fig.

2a); the funnel of the tube is connected with

vacuum wax to a glass tube leading to a vacuum
pump and the tube is evacuated ; the tube is sealed

off with a fine oxy-gas flame at the position of the

silica fiber (see Fig. 2b); the sealed end is either

melted or cemented to a sturdy support rod (see

Fig. 2c).

For preparing self-supporting rods the powder
may first be bonded with organic adhesives like

Canada balsam or ethylene glycol (which decom-
pose at elevated temperature), shaped and then

heated. However, specimens prepared in this way
tend to be quite fragile. Better mechanical stabil-

ity is obtained if the powder is filled into a tube

of appropriate inner diameter, heated until the

grains sinter slightly, and then extruded. Powders
may also be attached to suitable inorganic fibers

(usually silica) or wires (usually platinum) by an

organic adhesive. Adhesion persists on heating

after decomposition of the adhesive but is not

very strong.

Mounting of wires and block specimens is in

general not difficult. Where thermal insulation

from the support is desirable, cementing rather

than a clamping attachment is recommended.
X-ray Optics. The following diffraction methods

have been employed in high-temperature X-ray
instruments: 1. Debye-Scherrer camera, 2. Counter
diffractometer, 3. Guinier focussing camera, 4.

Seemann-Bohlin focussing camera, and 5. Weissen-

berg goniometer.

In principle the X-ray optics for all methods re-

main unchanged in high-temperature instruments

and the same useful range of Bragg angles as in

room temperature instruments is usually main-

tained. However, some restrictions are introduced

by the specimen heater. In cameras the collimat-

ing system and scatter trap must protrude into the

heater. The size of these parts is therefore limited

by the width of the X-ray gap. In order to pre-

vent heat leakage out of the furnace, it may also

be necessary either to insulate the collimator and
trap from cold camera parts or to leave a wider

gap between the specimen and the collimator and
trap.

The choice of the camera diameter is subjected

to conflicting requirements : accommodation of the

heater and high precision are more easily reached
with large camera diameters; for shorter exposure

times, which may be recpired for kinetic observa-

tions, a small camera diameter is desirable. Table 1

contains the camera diameters of several typical in-

struments.

In most instruments the necessity of containing

vacuum and heat imposes the use of a window
which is gastight and reflecting. An almost ideal

material with a low X-ray absorption coefficient

and high mechanical stability is ber^'Uium and
since it has become commercially available in

sheet form, it has effectively replaced all other

formerly used materials (aluminum foil, mica,

organic films).

With diffractometer furnaces the initial ahgn-

ment and its corrections at elevated temperatures



HIGH-TEMPERATURE DIFFRACTION II 458

u

CO u

o ,—

^

05 o^ io CO
c; O C-. o

Ci C O
o

K
2 ^

2 o
:= ^

o ^

^ ? ui:

a 7j «
s OJ hn >

g 03 ^ o

O Ph o
o ^

02 ;x.

X 2 J.

o

C

O
T

_o ^ o

b£ :i b£ ~i^

w

3^

o
IB i—

. lO

r^ 03 G
§ P .2 So

^ So

O

O Ol
O .—I

o
^o

5 5O 2

^ ^ CK ^
t^-^ ^ t*^ n
O ^—

' o '

TJ

i^^ ^ o C

b£' ji O b£ o;

o
o
o
s ^

ft a

H



459 HIGH-TEMPERATURE DIFFRACTION II

u. Ci Ci Gi oa 4 ^ IC lO
>> 2 Ci Ci CI

l—

1

'—

1

c _^

^^ |i 1 a a
03

o
a ^

a -^ s Oj 'S Td ^ 03 03 ^
g<u °« ^ o o a S T^

2
bcQ 'S 'S ^ ci

o3

fS w D D O ^ s
^^ 1 o3 ' '*" ^
^ a o -5

o
,i

, -T-i ^ ^ ^ bc ^ 5o J? 3 3 3
ci o3 o3

ai T3 t» 3 bJD^ -^ ^;2 ^
^

2
~3 M
o5

"3

>
03

>
03

>
03

o3

o3

"c3
^-35 >i >. >^

s ^ c
"-2

•2 >;^

^ § ^

t-H

'^ '^ '^
S a

1
•Sis
ill

g

II

:

bJO

a
a
o

a
a
o

CD

a
a
o i

o O O o o [^H

g

.

"o 3
^ lO ^ "•

00

o c

M
C

c 03 c3

a;

c3 o3 '^

g
s
J *^

y. X y. X
1—

<

i^ ^ H W W W
CO CO

2 ir! lO t^ '^

Came

Dia met( [cm Ci o Ci <N C5 i6
'"' T-H '"'

Oi O
^"2 c

11 il h% 03
o

s5s ^ < <

o ^
o o o s~

u c
<v

c a a g a g g a ;G

o 13 ^ 3 'J ^ 2 ^

< i
a
o
03 la o

o3

-3 !» -^ IK

« br
03 ^

> > > > > > > >

Q ^ O ^ ^ O ^ O
E^

O
T3 i-

O 0)

o O O

c

S

^ ^ 'TS ;h S-H o j_ oo
£-1 Is Sa,

o
^ 'o

1
.t: -Td .^ a .!: T3

!-l F^«
03 T3 o '^

p:5

03 73

^ ^ ^ S
"

S s

i^ >. ^ Oi ^ ^ ^
it o o. a Pi ^ 3, ^ o, o,

d --S^ ^ P Id o G 2

i^3

o ^ O o o o O

o o § l3 .2 § §
a ^ o; cvi

5 ^ a d a ^ Ol
a £ d a §°co

H ^ ^ &24^ a 2 ^ 5 O '^ s ^ ^
H H ^ H ^ H H

b^. S 5 ?^" o Q o ^ ,_, ^ ^ ^
Ma: imui

Temp

atui

[°C o lO o o o ^ ^ (3
'^ c^ 1^ --f 00 o ,—1^ o^ '-" '-' ^^

5fT3 _
•S ° (U-^

"^"Sc^.Sf
o o <a a .i ,

tx ^
w§ ^



HIGH-TEMPERATURE DIFFRACTION II 460

Table 2. Data of High-Temperature Diffractometers.

, bi c2u
1

Win- Observable
Temperature

Control;
Specimen
Type

A.tmosphere
dow
Ma-

Range of Dif-
fraction

Special Features Reference

11^ Accuracy [°C] terial Angles 2

W S

la 1750 Thermocouple

«1500°) ± 5°

01500°) ± 20°

Powder on

strip

"Vacuum Mica Specimen powder imme-
diately on resistance-

\

heated metal strip
j

Sowman and

Andrews

1951

la >1000 Thermocouple Strip Vacuum Be 0-80° Application of tensile

stress and quenching

with N2-blast pro-

vided

Birks 1957

Ic 1500 Thermocouple
±1°

Powder Air Be 5-45° Van-Valken-

burg and Mc-

1947

Murdie

Id 950 Thermocouple Bar Vacuum
or gas

Al Kennedy and

Calvert

1958

Id 2000 Thermocouple Bar Gas Be Klein 1958

Id 1100 Thermocouple
±2°

Powder or

block

Vacuum Be Full Bragg

Spectrum

Spreadborough

and Christian

1959

le 1400 Thermocouple

(<1000°) ± 2°

01000°) ± 5°

Powder or

strip

Air or gas Al 0-165° Commercially available Tem-Pres

le 1850 Thermocouple

«1000°) ± 2°

01000°) ± 5°

Powder or

strip

Al or

Be

0-165° Commercially available Tem-Pres

Ih 1200

01600°) ± 10°

Thermocouple Sheet or Vacuum Be Birks and Fried- 1947

Ih 1000

±5°

Thermocouple

powder

Powder Air Be 0-90°

man
Rowland, Weiss,

and Lewis

1959

Ih 1500 Thermocouple Powder or ^'acuum 0-161° Commercially available Rigaku-Denki

±0.5% plate or gas
Hurwitt and 1961

Ih 2000 Thermocouple Powder Vacuum Be 10°-160° Low thermal inertia;

or gas commercially availa-

ble

Appel

li 650 Thermocouple
±1°

Powder Gas Al or

Be

0-180° Heating by turbulent

gas flow minimizes

Williamsen and

Moore

1956

temperature gradients

in the specimen

n GLASS TUBE
CONNECTING
TO A PUMP

/^?*==^ M VACUUM(^ <NPf WAX SEAL

I

SILICA TUBE
WITH FUNNEL

SILICA FIBRE

SPECIMEN
POWDER

(b)

'-0

rr"^

(c)

SUPPORT
ROD

SILICA OR
CEMENT
BEAD

Fig. 2. Mounting procedure for powder in a silica tube,
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need close attention. The survey article by Camp-
bell, Steciira, and Grain (1961) contains a com-

prehensive discussion of appropriate procedures.
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HIGH-TEMPERATURE X-RAY DIFFRACTION: III REVIEW,

ILLUSTRATIONS AND BIBLIOGRAPHY TO DATE

The growing demand for high-temperature met-

als, alloys, and ceramic materials has multiplied

the need of gaining information on the physical

properties of these materials. Metallurgical in-

vestigations often require identification, crystal

structure, and coefficient of thermal expansion of

a high-temperature phase. Sometimes these stud-

ies can be accomplished at room temperature with

X-ray diffraction by quenching the specimen at a

high enough rate to suppress the decomposition of

the high-temperature phase. Frequently, however,

the transformation to the stable room-temperature

phase cannot be arrested, and the studies must be
made at high temperatures. Therefore, X-ray dif-

fraction studies must be conducted using a high-

temperature specimen mount in order that a phase

may be examined at the temperature at which it is

stable. When the Geiger counter diffractometer

became available in the 1940's it proved to be

ideally suited to high-temperature work, since it

permits transformations to be followed immedi-
ately, in contrast to the substantial length of time

consumed using film methods.
Review. Instrumentation and techniques for

film methods and for diffractometers to 1950 have
been discussed in an excellent review bj' Gold-

schmidt .^° Schossberger" discusses both techniques

and gives a bibliography to 1956. A comprehensive

review of high-temperature diffractometer mounts
to 1960 is given by Campbell, Stecura, and

* (Upon return of author to Germanj^ this article

was carefully reviewed and proof-read by Leo
Zwell of the United States Steel Corporation Re-
search Center, to whom grateful appreciation is

expressed.—Ed.)
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Grain .'^ Much of Table 1 is taken from a sum-

mary of diffractometer furnaces appearing in a

report by Lang and Franklin.^®

Most of the design problems present in powder

camera furnaces are also applicable to diffractom-

eter mounts and have been covered by Gold-

schmidt.**^ However, the design problem is some-

what simplified in the diffractometer mount
because of the geometry of the diffractometer itself.

That is, since the flat, irradiated sample area is

1cm- or greater, grain growth effects are partially

offset by the large sample radiated. Large speci-

men size also allows the thermocouple to be at-

tached directly to the sample rather than in close

proximity to it as in most powder cameras.

In general, three methods of sample heating

have been employed for high-temperature dif-

fractometer specimen mounts, i.e.; direct resistance

heating, indirect radiation heating, and induction

heating. Other methods such as circulating gases^°

have proved useful for special work, but have defi-

nite temperature Hmitations. Chiotti'^ used direct

resistance heating and obtained temperatures to

1600°C. This type of design is limited to con-

ducting materials and each sample must be

fabricated to an exact shape and size. Powdered

materials may be used by dusting them on the

heating element or placing them in a boat in the

heater. Difficulties are encountered here from

shrinking of the sample during sintering, and reac-

tions between sample and heating element at high

temperatures. To alleviate sintering problems

many mounts include the capability of realigning

the specimen at temperature. Such a recent design

is that of Intrater^^ and is seen in Fig. 1. Here the

elevating mechanism is mounted on yoke arms

(U) suspended from two pins (T) located perpen-

dicular to shaft (/) and allows the specimen to be

tilted. Back and forth (K) and up and down (M)
movements are also possible and ma}^ be realized

at temperature. These movements solve the sinter-

ing problem and probably the reaction problem

with the Pt-Rh heater is not great with most

refractory materials at temperatures under 1400° C.

Mauer and Bolz"^ have used the mount shown

in Fig. 2 extensively for measuring coefficient of

thermal expansion of refractory compounds. This

mount features indirect radiation heating from a

wound furnace. The sample is packed into an inert

refractory boat and presintered. It is then ahgned

using adjusting levels shown at the bottom of the

figure. These authors use an alignment procedure

where the sample is adjusted until calculated

lattice parameters from a front reflection line ex-

actly agree with lattice parameters calculated from

a back reflection line. Much of the work done by

Mauer and Bolz has been with positive atmos-

phere to minimize composition changes during a

high-temperature run.

A similar sample mounting shown in Fig. 3 is

used by Spreadborough and Christian^' except that

a simple tantalum foil heater is employed rather

than a wound furnace.

A sample mounting technique used by Perri,

Banks, and Post"** heats the sample both by con-

duction and radiation. Figure 4 shows this heater

arrangement, where A is a SiC heater, C is a

platinum sheet, and B is water-cooled copper tub-

ing. In this design, the platinum sheet is only

touching the glow bar at the ends and is therefore

mostly heated by radiation, thus improving speci-

men temperature uniformity. This design also has

the advantage of being able to operate in air for

an unlimited period. Although this mount operates

in the 1400°C range, the authors state that plati-

num has been melted using this arrangement.

A recent design giving ciuite high temperatures

is that of Dreikorn and Bolotin.^- In originally re-

porting the design of this mount the authors

quoted a figure of 1960°C as the top operating

temperature. In a recent private communication

with one of the authors (Dreikorn) it was re-

ported that temperatures up to 2250°C could be

maintained. This is quite high considering the de-

sign of the specimen holder which is a BeO ro-

FiG. 1. Inside view of high temperature mount by Intrater^' showing specimen leveling de-

vice.
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3."

ADJUSTING LEVER

ADJUSTING SCREWS

Fig. 2. High temperature attachment for Phihps diffractometer by Mauer and Bolz.

alumina
spacers

furnace

J supports
heater
element copper supports

Fig. 3. Sample mounting and heater by Spreadborough and Christian.'*^

tating disc which holds the specimen slightly off-

center in the beam, giving a large area of

radiation. The sample is heated by radiation from

a resistance-heated tantalum heater and tempera-

ture is read by an optical pyrometer trained on an

area of the sample which has been prepared to ap-

proximate black-body conditions.

Induction heating has been used successfully in

several film camera furnaces where the sample

and furnace are held stationary. However, the prob-

lems of coupling the work coil and the moving
specimen made this type of heating appear diffi-

cult to use with the diffractometer. The author has
Fig. 4. Sample mounting technicpie on SiC Rod

by Perri, Banks and Post.""
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^Vievlng Port

J n

•Elevation and Tilt

AdJuBtaent A«B«nbly

Fig. 5. Side view of induction heated specimen mount by Lang and Frankhn *'

had private communications with several workers

who have tried the method but met with only

limited success. A prototype was built at NBS but

its performance was not officially reported. How-

ever, recent work by Lang and Franklin^''' appears

to have met with unqualified success in the use

of the induction method. Figure 5 shows a side

view of the mount and shows the design of the

RF primary, RF transformer secondary, and the

position of the work coil in relation to the sample

holder. In Fig. 6 this unit is assembled and in po-

sition on the Phihps' equipment and shows the

mount itself along with induction power supply,

vacuum equipment, temperature measuring de-

vices, recorder, and safety circuits for protection

and aids in servicing.

Most high-temperature diffractometer instru-

mentation consists of an attachment that fits on

commercial equipment. A very recent design by

Willens,^^ however, is a complete, self-contained

unit in which the author goes to great lengths to

produce a vacuum around the entire diffractom-

eter and furnace. In this design the unit is pumped

down, flushed with argon, pumped down again to

2 X 10"° mm Hg, all areas where air could leak in

are filled with argon (1 atm.), and finally as a last

measure, a titanium wire is heated to ''getter" the

remaining oxygen and nitrogen. From Fig. 7 one

can see how large this unit is and perhaps appreci-

ate the difficulties associated with the design of

such an instrument. Inside the 72 in. diameter

vacuum chamber is mounted a monochromator,

diffractometer, and furnace. The mount uses a

toroidal-shaped furnace in which a specimen wheel

is rotated. The X-ray beam strikes the rotating

wheel so that the beam scans over an area of 55

cm".

Only a few of the designs from the hterature

have "been discussed with emphasis on recent de-

velopments. Most of the other designs detailed in

the literature are summarized in Table 1. From

the published work on high-temperature mounts it

appears that there are few design limitations to

obtain almost any reasonable conditions of tem-

perature and pressure. However, it does seem that

there are definite hmitations in reliably operating

such equipment over a period of time. The major

difficulty of accurate temperature measurement

has been discussed by Brand and Goldschmidt'^

for powder cameras and is apphcable to diffrac-

tometer mounts. Schossberger/^ in discussing de-

sign problems, expresses the opinion that it is

easier to design equipment for high-temperature

diffraction than it is to use this same equipment.

Probably most workers in the field agree with this

opinion.

Acknowledgment. The author wishes to ex-

press thanks to J. J. Renton and M. Goldschmidt

of this laboratory for assistance and to H. J. Gar-

rett of the Aeronautical Research Laboratory for

prepublication use of no. 39 in the bibhography.
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Fig. 6. Assembled induction heated specimen mount and ancillary equipment.

Fig. 7. High temperature unit by Willens.^^ Monochromator, diffractometer and furnace
housed in 72 in. diameter vacuum chamber.
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HISTORICAL MILESTONES FOR X-RAYS AND GAMMA
RAYS (1600-1962)

The discovery on November 8, 1895, by Wil-
helm Conrad Roentgen, Professor of Physics at

the University of Wurzburg in Bavaria, of the in-

visible, penetrating rays which he designated "X-
rays" (x = unknown) but which are now more
properly called Roentgen rays, represented the
sudden convergence of many lines of scientific

research and development over a period of 300
years. Some of these were production of vacuum,
the nature of electricity and magnetism, the na-
ture of hght, the ultimate structure of matter, the
building plan of crystals, and—of immediate im-
portance to the discovery—the electric discharges
in vacuo of gases at low pressures with which
Roentgen was experimenting. It has been pointed
out frequently that at the time of this discovery
it was generally believed that the science of phys-
ics was complete except for the addition of more
decimal points to measurements. It is obvious
that the Roentgen discovery opened the door to

a vast, unknown universe previously undreamed
of, and that in 1962 we are still only on the thresh-

old. Of course, the discovery of radioactivity, the
electron, and gamma rays followed within the next
two or three years. The attempt is made in the
following list of Historical Milestones to select

those men and events that seem to the author to
be of greatest significance before and after Roent-
gen's memorable contribution to science in 1895.

The hst could easily be doubled or tripled. It is

contrived to take the place, in briefest form, of

individual biographies of great scientists and of

the historical background of the modern discover-
ies contained in this 1962 encyclopedic appraisal
of two overlapping ranges of the electromagnetic
spectrum which we designate X-rays (or Roent-
gen rays) and gamma rays. It is hoped that at the
very least this list of Milestones* will constantly

* Originally compiled for "Applied X-ravs." 4th
ed., by G. L. Clark; McGraw-Hill Book Co., Inc.,
New York, 1955; here considerably revised.

remind us that in 1962 we stand upon the shoul-

ders of giants who lived as far back as 1600.

1600 Gilbert's (1540-1603) "De Magnete" created

the foundation for the sciences of magnet-
ism and electricity.

1643 Torricelli (1608-1647) constructed the ba-

rometer; produced the Torricelli vacuum.
1646 Guericke (1602-1686) invented an air vac-

uum pump and an electrostatic machine
with a sulfur sphere.

1659 Boyle (1627-1691) constructed an improved
vacuum pump, the 7nachina Boyleana.

1675 Newton (1643-1727) built a more efficient

electrostatic generator with a rotating glass

sphere.

1705 Hauksbee (?-1713) observed glow dis-

charges and many other new and curious

phenomena in vacuo.

1729 Gray (1696-1736) distinguished conductors

of electricity from nonconductors.

1733 Du Fay (1699-1739) discovered two differ-

ent types of electricity, "vitreous" and
"resinous" electricity.

1745 Kleist (1715-1759) constructed the Kleist

jar, predecessor of the Leyden jar.

1746 Cuneaus and van Musschenbroek (1692-

1761) constructed the Leyden jar.

1747 Watson (1715-1787) transmitted electricity

over long conductors.

1749 Abbe Nollet (1700-1770) experimented with

the "electrical egg" and made fundamental
observations.

1750 Franklin (1706-1790) defined "positive" and
"negative" electricity.

1760 Canton (1718-1772) built a pith electro-

scope to measure electric ciuantities.

1784 Hauy anticipated the crystal unit cell with

the "rhombohedral cleavage nucleus" in

calcite.

1785 Morgan (?-1785) in vacuum experiments

possibly produced X-rays.

1786 Galvani (1737-1798) discovered "animal

electricity."

1800 Volta (1745-1827) constructed the first elec-

tric battery, the "voltaic pile."

1815 Prout (1785-1850) suggested that hydrogen
is the fundamental building stone of matter.

1820 Oersted (1777-1851) discovered the fink be-

tween electricity and magnetism.
1820 Ampere (1775-1836) formulated mathemati-

cally the discovery of Oersted.

1827 Ohm (1787-1854) formulated Ohm's law,

stating the relationship between electric

current, electromotive force, and resistance.

1831 Faraday (1791-1867) and Henry (1797-

1878) discovered electromagnetic induction.

1836 Faraday conducted the first systematic ex-

periments on discharge of electricity through

gases at pressures of 0.4 mm Hg.
1836 Sturgeon and Page built the first induction

coil (Neeff and Wagner improved it in

1853).

1843 Abria of Bordeaux discovered striations in

gas discharge.

1845 (Mar. 27) Birth of Wilhelm Conrad Roent-
gen at Lennep, Germany.
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1850 Pliicker (1801-1868) observed green glass

fluorescence opposite the negative electrode

in a vacuum tube.
.

1850 Bravais proposed crystal lattices, still desig-

nated bv his name, 14 in number.

1851 Ruhmkorff of Paris made successful induc-

tion coils (demonstrated in London by Far-

aday in 1855).

1852 W. R. Grove rediscovered striations with

an improved piston pump.

1858 Kohlrausch (1809-1858) and Lord Kelvin

(1824-1907) improved electrometers.

1859 J. Gassiot undoubtedly produced cathode

rays and magnetic deflection and must have

produced X-rays.

1860 Geissler (1815-1879) developed vacuum

tubes containing various gases and found

that some gases become luminous when

high-voltage discharges are passed through

the tube.

1869 Hittorf (1824-1914) observed numerous

properties of cathode rays (must have pro-

duced penetrating X-rays).

1869 Roentgen received the Ph.D. degree at the

University of Zurich.

1873 Maxwell (1831-1879) pubhshed his famous

equations in the book "Treatise on Electric-

ity and Magnetism."

1874 Stoney announced the idea of atomistic

electricity and gave its name to the elec-

tron.

1879 Crookes (1832-1919) found that cathode

rays can be deflected by a magnet and felt

that he was dealing with "a fourth state of

matter" (experiments same at Hittorf 's in

1869).

1881 Riecke published a note on the path of an

electrically charged particle of finite mass

in a magnetic field.

1884 A. Schuster formulated the general theory

of discharge of electricity in gases.

1885 Hertz (1857-1894) proved Maxwell's equa-

tions by experimental methods.

1886 Goldstein discovered positive canal rays in

the vacuum tube.

1888 Roentgen proved that a magnetic field is

set up in a dielectric moving between elec-

trically charged condenser plates—the

"roentgen current."

1890 Helmholtz (1821-1894) foretold theoreti-

cally certain properties of electromagnetic

oscillations of high frequencies.

1892 H. Hertz demonstrated the passage of cath-

ode rays through thin metal foils.

1892 Lenard built improved cathode-ray tubes

and made important observations on the

properties of cathode rays.

1893 J. J. Thomson pubhshed a supplementary

volume to Maxwell's "Treatise," describing

in detail the passage of electricity through

gases.

1895 (November) W. C. Roentgen discovered x-

rays with a Hittorf-Crookes vacuum tube.

He was unable to prove that the "new kind

of ray" could be reflected, refracted, dif-

fracted or polarized as light is.

1896

1896

1896

1896

1896

1896

1896

1896

1896

1896

1896

1896

1897

1897

1897

1898

1898

1900

1901

1901

1901

1902
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(January) 0. T. Lindenthal made the first

contrast x-ray picture of a hand into the

veins of which Teichmann's mixture had

been injected.

(February) E. A. Woodward built the first

metal X-ray tube.
.

(March) M. I. Pupin discovered the mten-

sifving screen method.

(March) Roentgen, A. A. Campbell-Swm-

ton, O. B. Shallenberger, H. Jackson, and

others presented the first metal-target X-

rav tubes.
^ r -i

(March) J. Trowbridge built the first oil-

immersed X-ray tube.

(April) L. Fomm, E. Mach, and E. Thom-

son developed the use of stereoscopic meth-

ods in roentgenography.

First illustrated magazine article on X-rays

in McC lure's Magazine.

(April) W. Konig and W. J. Morton made

the first dental radiographs.

(May) The first roentgen-ray journal, Ar-

chives oj Clinical Skiagraphy, was pub-

lished in Great Britain.

(May) First use of roentgen rays m war,

Italian-Ethiopian campaign.

(November) J. Perrin measured by means

of an air condenser the loss of electrical

charge caused by the ionization produced

bv X-rays.

(November) A. H. Becquerel discovered

radioactive radiations emitted by uranium

compounds.

J. J. Thomson discovered that cathode rays

are made up of discrete particles of nega-

tive electricity (later called electrons), con-

siderably smaller than atoms.

X-rays used for the first time in hospitals

close to the front in the Greco-Turkish war,

Tirah campaign, and Sudan and Boer wars,

especiallv for locating bullets.

Rutherford examined the radiation from

uranium after Becquerel's discovery of ra-

dioactivity and found 2 types which he

called a-particles, later identified as doubly

positively charged helium nuclei, and /3-

particles' which consist of the electrons dis-

covered by Thomson.

Marie and Pierre Curie announced the dis-

covery of polonium in July and radium m
December.
Villard discovered 7 rays and found them

to be the same type as X-rays.

The Roentgen Society of the United States

was founded in St. Louis, Mo., anticipating

the great medical radiological societies.

L. Benoist introduced an instrument to

measure the penetration or "quahty" of X-

rays, called the pentrameter or radiochro-

mometer.
Planck, Einstein and others began the de-

velopment of the quantum theory, involv-

ing h, the universal Planck action constant.

Roentgen received the first Nobel prize m
physics.

.

G. Holzknecht presented his first dosimeter
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for X-ray therapy, "the chromoradiometer,"

consisting of a fused mixture of KCl and

Na2C03 which became discolored when ex-

posed to X-rays.

1904 R. Sabouraud and H. Noire proposed a ra-

diometer based upon the degree of dis-

coloration of small pastilles of barium pla-

tinocyanide on X-ray exposure (still used to

some extent).

1906 C. G. Barkla in scattering experiments

found evidence of polarization of X-rays,

the first proof of similarity to hght.

1906 Work on the perfection of cellulose acetate

"safety" film was begun.

1907 Wm. Wien estimated the wavelength of X-
rays on the basis of the photoelectric (quan-

tum) effect as 7 X 10"^ cm.

1908 P. Villard proposed a dosage unit based

upon ionization of air by X-rays.

1909 Millikan measured the charge of the nega-

tive electron in his "oil-drop" experiment.

1909 Evidences of characteristic absorption edges

were found.

1910 von Baeyer and Otto Hahn (later of nu-

clear fission fame) measured the energies

of /3-particles by deflections in a magnetic

field, thus anticipating /3-ray and 7-ray con-

version spectrometers.

1911 Barkla found in absorption measurements
evidences of X-ray emission in series which

he designated K, L, M, — , for which he re-

ceived the Nobel prize.

1912 A. Sommerfeld diffracted X-rays with slits

and obtained wavelength of 4 X 10"'' cm.
1912 M. von Laue, with Friedrich and Knipping

at Munich, discovered that X-rays can be

diffracted by crystals as three-dimensional

gratings, by means of the Laue diffraction

pattern, thus convincingly proving the elec-

tromagnetic nature of the rays.

1912 W. L. Bragg proposed that the Laue pat-

terns are produced by mirrorlike reflections

of electromagnetic waves by regularly

spaced sheets of atoms in crystals.

1912 C. T. R. Wilson studied fog tracks, pro-

duced by high-speed particles, with the

cloud chamber developed in 1897.

1913 W. H. and W. L. Bragg (father and son)

used the ionization chamber invented by
the former to derive actual arrangements of

atoms in KCl crystals, and thereby a means
of measuring unknown wavelengths, first of

L lines of Pt.-( Bragg Spectrometer.)

1913 Th. Christen expressed radiation quality in

"half-value" layers.

1913 W. D. Coolidge built a successful X-ray
tube with a hot tungsten filamentary cath-

ode and solid tungsten anode or target.

1913 P. Goby developed practical contact micro-
radiography, the first X-ray microscopy,
little used or appreciated until after 1940.

1913 Kaye proved the electron excitation of

characteristic spectra.

1914 The Braggs greatly simplified the Laue
equations on the basis of the simple "re-

flection" idea in the Bragg law: n\ = 2d

1914

1914

1914

1914

1915

1915

1916

1919

1919

1920

1921

1921

1921

1922

sin^, relating the wavelength \ (n = order

of reflection, an integer), d the crystal ana-

lyzer spacing, and 6 the angle of incidence

of the X-ray beam on the diffracting set of

crystal planes.

W. L. Bragg determined the crystal struc-

ture of copper, the first metal single crystal

so studied.

H. J. G. Moseley, by means of the X-ray

spectra of many elements, measured with a

Bragg spectrometer related atomic numbers

of elements with the continuous, nonperi-

odic progression of a given spectrum line

characteristic wavelength, and proved the

continuity of numbers of external electrons

in atoms beginning with hydrogen 1, hehum
2, lithium 3, carbon 4, etc. (Moseley at the

age of 20 was killed in the GaUipoli Penin-

sula Campaign, World War I.)

Rutherford and Andrade measured 7-ray

spectra by crystal diffraction.

Wm. Duane presented an "E" unit of X-
ray intensity or dosage.

Wm. Duane and F. L. Hunt discovered

quantum law Xmin = hc/eV = 12400/F,

where Xmin is the short wavelength limit of

the general radiation spectrum, V the volt-

age on the X-ray tube, h, c, e constants

(Planck action, velocity of light, electronic

charge resp.).

W. L. Bragg proposed Fourier series syn-

thesis of complete crystal structure analysis

from diffraction data.

A. W. Hull in the United States and Debye
and Scherrer in Switzerland independently

discovered powder diffraction method.

Rutherford concluded that all matter is

made up of protons (hydrogen), concen-

trated in a dense nucleus, around which

electrons revolve Hke planets around the

sun.

H. F. Waite designed oil-immersed, shock-

proof, high-voltage generators with enclosed

Coolidge X-ray tubes.

Niels Bohr accepted Rutherford's concep-

tion of the atom model but assigned the

outer electrons to orbits with certain energy

levels, between which they can jump as

they gain or lose energy. The Rutherford-

Bohr atom model is based on the theory

that the number of protons in the nucleus

determines the number of outer electrons

and therewith the place of the atoms

(atomic number) in the periodic table.

A. H. Compton and Doan discovered total

reflection, refraction and diffraction of X-
rays by ruled gratings.

P. P. Ewald perfected concept of "recipro-

cal lattice" originally proposed in 1911 as

a powerful aid in crystal structure analysis.

H. H. Lester directed radiographic inspec-

tion of castings and ordnance at the Water-

town Arsenal.

A. H. Compton discovered the "Compton

effect," an increase in wavelength of scat-
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1934

1935

1935

1936

1937

1937

1940

tered X-rays as a function of angle, with 1933

the lost energy appearing as electron recoil.

1923 M. Siegbahn, who over a period of 10 years

in Sweden had made the greatest contribu-

tion to wavelength measurements of char-

acteristic X-ray emission hnes and absorp-

tion edges with high precision spectrographs,

published his great book "Spektroskopie der

Rontgenstrahlen."

1923 Von Hevesy in Denmark proposed quanti-

tative chemical analysis by secondary fluo-

rescence spectrometry (book in 1932), but

not widely developed or accepted for nearly

30 years.

1923 Death of Roentgen.

1924 The Weissenberg moving-film method for

single-crystal diffraction patterns announced

and highly successful to this day.

1924 First comprehensive X-ray laboratory for

industrial application of all types installed

at Mass. Institute of Technology under di-

rection of the author.

1924 L. de Broglie suggested that each particu-

late electron may be accompanied by a

train of waves, and that a beam of electrons

has a wavelength.

1925 P. Auger discovered the "Auger effect" of

radiationless electron transitions which may
occur in atoms resulting in doubly excited

atoms, ''satellites" in spectra, etc.

1925 H. Fricke and O. Glasser developed the

thimble ionization chamber with "air-wall."

1926 High-voltage transformers with valve-tube

rectification came into general use.

1926 Hume-Rothery gave great impetus to

knowledge of crystal chemistry of alloys by

showing that atomic arrangements are de- 1941

termined by electron arrangements rather

than simple valence rules.

1927 Davisson and Germer, and G. P. Thomson
verified 1924 de Broglie prediction of dual

nature of radiation by diffracting electron

beams. 1^44

1928 0. Glasser, V. Seitz, U. Portmann, and J.

Victoreen developed the condenser dosim- 1944

eter with 1 cc ionization chamber thimble.

1930 C. C. Lauritsen developed the supervoltage, 1944

single-section X-ray tube.

1930 Erection of memorial to Roentgen in Rem- 1945

scheid-Lennep, his birthplace, and beginning 1945

of the Rontgen Museum. 1945

1931 W. D. Coohdge designed the successful

multisection cascading supervoltage X-ray 1945

tubes.

1931 Lawrence invented the cyclotron.

1932 Chadwick discovered the neutron. jg^g
1932 Heisenberg recognized that the nuclei of

atoms consist of protons and neutrons, the

former accounting for net positive charge

and atomic number, the combination for

atomic weights.

1932 L. S. Taylor developed an American stand-

ard air ionization chamber to determine the

value of the "roentgen," unit of dose. 1^46

1933 Anderson discovered the positron, the elec-

trical opposite of the electron.

Van de Graaff made great strides in im-

proving old type electrostatic generators

and obtained electric discharges of several

miUion volts. In 1948 mobile two-milhon

volt units with self-enclosed X-ray tubes

with potential apphed over a gradient were

commercially produced for radiography and

therap3'.

Joliot and Irene Curie-Johot discovered ar-

tificial radioactivity, and produced radio-

nitrogen, magnesium, and sihcon. Many
hundreds of radioactive isotopes produced

by high-energy bombardment are now

known, many identified by X-ray spectra.

Lamarque utilized contact microradiogra-

phy as "historadiography" for biological

specimens.

Fermi shot deuterons into uranium and

other atoms and observed the phenomena

of artificial disintegration and fission, lead-

ing to atomic "piles" and bomb.

D. P. Mitchell and P. N. Powers produced

neutron diffraction.

The Fifth International Congress of Radi-

ology accepted the international roentgen,

first suggested in Stockholm, in 1928.

Radiography and autoradiography by pho-

loelectrons first mentioned by Seeman, later

developed by Trillat and others.

D. W. Kerst invented the betatron with

wliich (electrons were accelerated to 5 mil-

Hon \-olts by magnetic induction. Com-
mercial 10- and 20-million-volt units have

been deN'eloped, and in 1948 construction

began on a 350-million-volt unit at the

University of Illinois, completed in 1950.

Yery high intensity X-ray pulses of ex-

tremely short duration for flash radiography

of rapidly moving objects made possible by

Westinghouse Micronex surge generator, an-

ticipating present field-emission (from cold

sharp points).

Curran and Baker perfected scintillation

counters as detectors for X-ra^^s and 7-rays.

Two-million-volt X-ray tube commercially

produced.

M. J. Buerger devised "precession" diffrac-

tion camera.

(Mar. 27) Centennial of birth of Roentgen.

(August) Atomic bomb used in Japan.

(Nov. 8) Semicentennial of discovery of

roentgen rays—Milwaukee symposium.

The synchrotron was invented as a means

of electron acceleration to very high ener-

gies to compete with the betatron.

Molecular structure of penicillin uniquely

determined from X-ray crystal-structure

data, enabling synthesis of antibiotic, the

best example of Fourier analysis of com-

plex organic molecular structure now being

carried out all over the world with the aid

of electronic computers.

New high-intensity tubes capable of de-

livering 5V4 million r/min make possible

photochemical and biological studies, prep-
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aration of vaccines, and high-speed radiog-

raphy heretofore impossible.

1946 A. Engstrom et al. adapted differential X-
ray absorption for elementary microchemi-

cal analysis even of single cells.

1947 Development of commercial instruments

for X-ray photometry in chemical analysis,

for example, of tetraethyllead in gasoline.

1947 X-ray microscope devised by Kirkpatrick

with reflection of grazing beams from spher-

ical and elliptical mirrors.

1947 E. H. Land devised ''polaroid" film with

rapid-dry development.

1948 First Congress of International Union of

Crystallography, Harvard University.

1948 X-ray microanalyzer designed, operating on

principle of electron microscope with X-
rays liberating photoelectrons from speci-

men, which are then magnetically focused,

anticipating electron probe microanalyzer.

1949 Electronic amplification of fluoroscopic

images and reproduction on kinescopes.

Wireless transmission of radiographs.

1949 Successful microwave linear accelerator of

traveling-wave type for 3- to 20-Mev X-
rays.

1949 Mesons were produced from carbon by X-
rays generated in a 335-Mev synchrotron at

the University of Cahfornia and in 1950

from the 350-Mev betatron at the Univer-
sity of Uhnois.

1950 Increasing evidence of therapeutic value of

20-Mev X-rays.

1950 Successful mass chest radiography of whole
populations in Minneapolis, Minn., Wash-
ington, D.C., and elsewhere.

1950 Discovery of chemical protection of tissues

against ionizing radiations by injection of

compounds to provide excess —SH (thiol)

groups; renewed intensive effort to develop

1950

1950

1951

1951

1954

1956

1957

1962

1962

dosimeters, chemical, ionization, and bio-

logical.

First use of cadmium sulfide crystals to de-

tect X-rays by self-amplification lOMold of

photoconducting currents.

L. S. Birks et al. designed modern fluores-

cence spectrometer with Geiger, propor-

tional and scintillation counters as detectors

for quantitative chemical analysis (see nu-

merous examples in this Encyclopedia), and

use of same basic unit as diffractometer.

Castaing and Guinier devise "point-by-

point" electron probe microanalyzer with

lens-collimated electron beam exciting pri-

mary X-rays in areas now as small as 0.5 /a.

Coslett and Nixon design the X-ray shadow
or projection microscope with point-source

X-ray beam.
Hughes and Wilczewski utilize K-capture

excitation of X-rays from radioactive iso-

topes for ciuantitative chemical analysis by
absorption.

Wm. Ladd et al. discover grainless media
(polymers, crystal faces) for registration of

images to be enlarged.

B. L. Henke develops ultrasoft X-ray mi-
croscopy for single cells using radiation as

long as Carbon K, 44A, leading in 1962 to

spectrometric anabasis of the lightest ele-

ments with very long characteristic wave-
lengths.

50th anniversary of Laue discovery of crys-

tal diffraction celebrated at international

symposium at Munich, Germany.
W. P. Dyke et al. demonstrate thirty nano-
second cineradiography (q.v.) at frame rates

of 10° per second, with multiple field-emission

X-ray tubes operated by remarkable puls-

ers. Distortion of internal organs of guinea
pig moving under force of 30 G (significant

for orbiting astronauts) clearly evident.
"

G. L. Clark



IDENTIFICATION BY DIFFRACTOMETRY. See Diffraction

Analysis (all Articles).

IMAGE-CONVERTER TUBES

(See also Intensification of X-Ray images by Electronic Means.

II Electron-optic Intensifiers, p. 506)

I. General. Use, The dynamic range of light

pickup over the visible spectrum of the human eye

exceeds any device known to date."' ' However,

under practical medical and industrial fluoroscopic

conditions, we are more concerned with improving

perception of intelhgence (information) m the

range from 1/10,000 to 1/10 millilambert
'•

' At

high levels the eye can distinguish objects which

are as httle as 0.005 in. apart, but as the brightness

decreases, there is a reciprocal relationship between

image size and contrast,^ as shown in Fig. 1. Some

fluoroscopy is carried out at approximately "star-

light" level and consequently leads to poor visual

acuity.

Image-converter tubes not only convert an image

produced outside of the spectrum visible to the

human eye into a visible picture, but also provide

electronic brightness amplifications within the

tube."' '• ^' ^ They are thus acting as ''wavelength

converters" from gamma, X-, ultraviolet, or infra-

red radiation to visible radiation in the spectral

range of 4000 to 7000 angstrom.

Since in medical and industrial fluoroscopy the

image seen on the fluoroscopic screen is compara-

ble to late dusk through moonlight to starlight il-

lumination, human vision must be adapted by un-

dergoing a period of dark adaptation of 10 to 30

min.^' ^° During this time the pupils of the eye

will dilate sufficiently to permit visibihty of details

that could not be discerned by a person entering a

dark room from a hghted room. A three-minute

dark adaptation increases visual acuity about ten-

fold, a fifty-minute adaptation some thousandfold.

Image converters and image intensifiers are de-

signed to raise this brightness available for viewing.

Image-Converter Tubes. To convert electro-

magnetic radiation invisible to the human eye by

means of an image converter tube, the radiation is

projected or focused upon an input screen which is

sensitive to the wavelength region under investiga-

tion and located within a highly evacuated enve-

lope.^^ Luminescence excited in this phosphor

causes a photoemissive layer to emit a number of

electrons, their number depending upon the num-

ber of incident photons (energy quanta). The re-

sultant electron picture is suitably accelerated and

focused (electrostatically or electromagnetically)

upon an output screen where it produces an inverted

image of higher brightness which can be viewed

directlv by the human eye, or through a suitable

system" of lenses and/or mirrors. The output picture

can also be recorded on still or movie film, or

viewed by television cameras for subsequent pres-

entation on television monitors.^"' "' "

X-ray image-converter tubes possess input phos-

phor sensitive to wavelengths shorter than approxi-

matelv one angstrom (lA = 10"' cm). Commer-

cially available tubes have input areas from 5 to

9 in." in diameter and output (viewing) areas rang-

ing from V2 to 1 in. diameter. State-of-the-art

tubes provide gains of 600 to 4500 over the bright-

ness provided by standard fluoroscopic screens.

X-ray image converter tubes are used in X-ray ex-

aminations involving details of 1/10 mm or larger.

In medical diagnosis such tubes permit a reduc-

tion (to about 1/5 to 1/30) of the X-ray dose given

to the patient and operator during an examination

while providing an improved output picture not

subject to some of the inherent hmitations^ of

standard fluoroscopy as described above .'^' '" ''

In industrial fluoroscopy (for nondestructive

testing) of materials or enclosed components, the

higher brightness provided also ehminates dark

adaptation and permits more accurate and faster

inspection of defective materials.^^'
"

Operation of Image-Converter Tubes. (See

Fig. 2.) An X-ray beam which has previously been

differentially absorbed in a patient or object, en-

ters an evacuated glass envelope and excites lumi-

nescence in the input phosphor. The latter hat

basically the same composition as a standard fluo-

roscopic screen (usually Zn Cd S).

Like all electromagnetic radiation, X-rays are

corpuscular in nature and the discrete bundles of

1 M 1
I
M"345 7 10

Visual Angle Minutes

Fig. 1. Graphic presentation of the relationship

between contrast, brightness and size of an object

visible at various levels of illumination. The lower

the brightness of the image, the larger the minimum
detail visible to the eye.

476
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OUTPUT PHOSPHOR

OBJECT

FLUORESCENT INPUT SCREEN PHOTO-EMITTER (PHOTOCATHODE)

Fig. 2. Basic diagram of X-ray image converter tube operation. An X-ray beam traverses

the subject under examination and is differentially absorbed by the same. The fluorescent

screen (3) will show a shadow-graph of this information. The light emitted from the fluores-

cent screen will cause the photo-emitter (4) to emit electrons, the number of these electrons

depending upon the brightness of the screen. These electrons are then accelerated and focused
on an output phosphor screen (6) where they produce a brighter, reduced and inverted image.

_ ENVELOPE

EACH 100

LIGHT

PHOTONS
PRODUCE
5 ELECTRONS

ELECTRONS ACCELERATED TOWARD OUTPUT SCREEN

STANDARD PHOTOCATHODES •
GAIN

600-1200

ONE X-RAY

PHOTON
PRODUCES
5000

LIGHT

PHOTONS

MULTI-ALKALI PHOTOCATHODES #

ELECTRONS ACCELERATED TOWARD OUTPUT SCREEN

(2) ^ PHOTOCATHODE (s)

FLUORESCENT INPUT SCREEN OUTPUT PHOSPHOR

Fig. 3. Schematic comparison between standard cesium antimony photocathodes (Tube A)
and multi-alkali photocathodes (Tube B). In the case of a standard photocathode, each
X-ray photon emits approximately 5000 light photons at the fluorescent screen (2) in both
types of tubes. A standard photocathode releases only about 5 information-carrying electrons

for each 100 incident light photons (3 Tube "A") while a multi-alkali photocathode releases

about 15-20 information-carrying electrons for the same amount of incident light. (3 Tube
"B") Therefore, in the case of the multi-alkali photocathodes, the greater number of available

electrons will produce a greater brightness output, all other parameters remaining equal.

energy are called photons or quanta. In the input

screen each X-ray photon is converted into a num-
ber of light photons, the number varying in an in-

verse ratio to their respective wavelength. In the

medical diagnostic region (50 to 150 kv), 4000 to

5000 usable light photons are emitted for each ab-

sorbed X-ray photon.* In intimate contact with the

input screen, separated from the same by a very
thin, light transparent layer is a photoemissive
layer (photocathode) which emits electrons. The
number of emitted electrons depends on the bright-

ness of the screen at each point. The more elec-

trons the photoemitter is capable of releasing (per

incident hght photon), the higher the brightness

gain in the tube, since more electrons will impinge
on each unit area of the output screen.

Figure 3 shows the effect of using two types of

photocathodes: A., ''standard" antimonj^ cesium-

oxygen surface, and B., antimony-potassium-so-

dium-cesium surface, one of the trialkali photo-

cathodes.^" Therefore, in tube B the same number
of information carrying X-ray photons will produce

three to five times as many electrons. While the

individual composition of standard photoemitters

varies, the}^ usually consist of Cs, Ag and Sb—

a

combination known to readily emit electrons when
flooded by light. The sensitivity of such an emitter

is approximately 40 to 60 uA per lumen. For rea-

sons not yet completeb' understood, a combination

of elements of the alkah metal group emits 3 to

5 times more electrons than each emits by it-

gglf
21, 22, 23 rpj^g

combination shown in tube B has

a sensitivity of 180 uA/Lumen. This high quantum
yield in multialkali photocathodes has been used in
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Fig. 4. Comparative sensitive ciha-c. Sliuwn is the

response of a "standard" photosurface compared to

a multialkali photosurface as a function of wave-

length. The shaded area represents the integral in-

crease in sensitivity between both surfaces.

Fig. 5. High gain X-ray image converter tube.

Shown is a light opaciue envelope with contact but-

tons and 1" output screen at the right. To the left

rear (not seen) is the 9" input surface. These tubes

are normally mounted within a grounded shielding

enclosure. (Courtesy The Machlett Laboratories,

Inc., Springdale, Corinecticut)

other photosensitive tubes, such as photomulti-

pliers and image orthicon camera tubes. Figure 4

shows that multialkali surface not only has higher

peak response, but also broader response—i.e., it is

sensitive to a wider range of illumination, particu-

larly in the red. On an integrated basis (shaded

area) it is shown that a gain of roughly 3 to 5 oc-

curs when comparing the two layers. The output

phosphor brightness depends on (1) ratio of input

to output area (in the case of a 9 in. input screen

and a 1 in. output screen, this ratio is 81), (2) the

accelerating voltage between the photoemitter and

the output screen, and (3) phosphor and photo-

emitter efficiencies.

Other important parameters to image-converter

tube operation are resolution and contrast percep-

tion.-^ Resolution is limited by electron optical

considerations and resolution hmitations in the

phosphors. State-of-the-art tubes feature defini-

tions of 40 to 50 lines per linear inch (at the input

phosphor) and all tubes have electrostatic electron

optics—i.e., two or more ring-shaped electrodes

concentric with the electron path as shown in Fig.

2. Electromagnetic focusing, while providing higher

resolution, would reciuire a large coil around the

entire tube, resulting in a bulky and heavy sys-

tem. There are various ways of measuring resolu-

tion.-'' Contrast rendition refers to "gray scale" or

the ability of the tube to accurately reproduce or

visualize small differences in the density of the

radiated object.

In industrial fluoroscopy the maximum contrast

rendition of 2 per cent penetrameter seyhsitivity has

been obtained, while the normal range lies between

3 and 6 per cent.'"- " Contrast is defined as the in-

tensity change at boundaries in per cent. (AB/B)

The resolution of the viewing screen at the present

time is approximately 1000 television lines per inch

(500 optical lines pairs per inch).-*

A typical state-of-the-art X-ray image converter

tube is shown in Fig. 5.
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IMPERFECT CRYSTALS: THEORY AND PRACTICE OF PRE-

CISION MEASUREMENT OF INTERPLANAR SPACINGS

With the commercial diffractometers in use at
this time, it is possible to measure the interplanar
spacings of imperfect crystalline powders with
great precision. The measurements are more time-
consuming than those for powders which show
negligible line broadening, and furthermore, the
data requires more mathematical manipulation,
but the results can be obtained with essentially
the same accuracy. If, in the back reflection re-

gion, the diffraction peaks are broadened not

more than two or three times the amount caused
by the natural wavelength distribution, and there

is no overlapping of the tails of adjacent peaks,

it is possible to determine interplanar spacings

with an absolute accuracy of about 1 part in 10\

There are two additional complications in the
precision measurement of imperfect crystals;

first of all, there is the question of how some rea-

sonable definition of a lattice parameter in an
imperfect crystal can be theoretically related to a

measurable quantity; secondly, there is the ex-

perimental problem of obtaining the necessary
information from the intensit}^ vs. angle data of

the diffractometer. The shape of the peak recorded
by the diffractometer is determined by the wave-
length distribution of the incident radiation, the

variation of the absorption coefficient with wave-
length, the variation of the interference function

and atomic scattering factors in the neighborhood
of the reciprocal lattice point in question, the

instrumental broadening of the diffractometer and
the Lorentz and polarization factors which distort

the observed intensity distribution.

Consider first just what is meant by an imper-
fect crystal. For the purpose of this article we
will consider an imperfect crystal to be one in

which the unit cells may have an arbitrary dis-

placement from their correct positions. In order

to preserve the basic crystallinity of the substance
we will restrict the magnitudes of the displace-

ments so that the resulting lattice strains are

small. Suppose that it is desired to investigate

the mean interplanar {hkl) spacing. The crystal

axes (a,6,c) are chosen in a manner convenient

for this problem. The c axis is taken to have a

component normal to the (hkl) plane which is

equal to the mean interplanar spacing and the a

and 6 axes are chosen to lie in the {hkl) plane.

In terms of these three axes any unit cell can be
specified by a triplet of numbers (uvw) , taking

some arbitrary unit cell in the crystal as an origin.

The position of the mm unit cell is given by

Ua (1 -f Xarw)

+ Vh (1 + IJuru-) + WC (1 + Zuvu^)

(1)

where a, 5, and c are understood to be vectors,

and Xuvw , Vuvw , and Zuvw represent lattice strains.

The displacement of the uvw cell from the posi-

tion it would have in the perfect crystal (a crys-

tal with unit cell edges a,b,c) is given by (uaxuvw ,

vhyuvxv , wczurw). Xuvw , Vurw aud Zarw are assumed
to be arbitrary functions of uvw subject onl}' to

the restrictions

Xuvw « 1, Vuvw « 1, Zuvw « 1

which insures that the lattice strains are small.*

The magnitudes and directions of the lattice

vectors a.b.c are fixed bv the conditions

U V IV

Z y^^rw = Z = 0. (2)

* Note that for large uvw, the displacements
may be large compared to the unit cell dimen-
sions.
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Having developed a description of an imperfect

crystal, consider now the variation of the inter-

ference function in reciprocal lattice space for

such a crystal. In terms of the crystal axes (a,h,c)

it is possible to define reciprocal lattice vectors

(a*, b*, c*) in the usual way.^ As a result of the

choice of crystal axes, c* is along the normal

to the diffracting hkl plane and if n is the order

of the reflection,

= IM (3)

where dhki is the mean interplanar spacing, that

is the interplanar spacing that would be computed

using the lattice parameters a,b,c. Let ^, v, f

represent variables along the a*, b*, and c* axes,

respectively. These variables are chosen to have

their origin at the hkl reciprocal lattice point.

Then the interference function is^

Ioi^,v,^) = Z exp {-2Tris-ruvu)

Y^ exp (27ris-r„„u)

(4)

where s is a reciprocal lattice vector defined by

s = a*^-\- b*v + nc* (1 + f). When ^, v, ( are all

zero, s = nc* because of the choice of origin.

We now assume that the crystal is large enough

so that no matter what column of cells is chosen

in the direction defined by the lattice vector a

{v and w constant) the value of

J2 H exp {-2Tri^[iUi - Ui) + {UlXuiVn^'m

— 'W2Xw2^'nWm)]}

is constant. 2 Similar statements are assumed for

columns chosen in the 6 or c directions. Then the

interference functions can be written as

loik, V, r)
=

PI

(5)

lY^ {Ni - P2) exp[-2Tiv{p2 -\r Axp.2)]}

P2

iZ (^^3 - Pa) exp-27rii(p3 + Aa:p3)]}

PZ

if Ni , N2 , Nz are the number of unit cells in the

a,b,c directions respectively and exp{—2iri^AXpi)

is the average value of

Y Z ew[—2Tri^(uiXuiVr

UiXu^i^n'^^ ,)], with U2 = wi + Vx

.

represented by Eq. (5) can be considerably broad-

ened and have appreciable values over a finite re-

ciprocal lattice region surrounding each reciprocal

lattice point. Under these conditions the relation-

ship between the diffracted intensity and the

average (hkl) interplanar spacing is no longer

obvious. Suppose now that new coordinates are

defined in reciprocal lattice space (see Fig. 1) such

that an orthogonal system is obtained. Let ai*

and 61* be unit vectors in a plane perpendicular to

c* and let ^1 and 771 be variables on ai* and bi*

respectively. Now define the quantity h (f) by

Similar definitions apply to 7)2 and ps •

For a large perfect crystal the interference func-

tion is very sharply defined and for the most pur-

poses can be represented by a delta function lo-

cated at each reciprocal lattice point. For this

situation there is no theoretical difficulty in

interpreting the diffraction data in terms of an in-

terplanar spacing. As a result of crystal imper-

fections, however, the interference function as

/o(r) //
lo (^1.- Vh r) d^i dvi

It can be shown^ that despite the line broadening

to a very close approximation, the centroid of

the interference function occurs at the reciprocal

lattice point, that is

/^3/2 r 3/2

•^1/2 -^1/2

(6)

In practice the limits of integration for Eq. (6)

are not critical as long as they extend over the

region where lo (f) has appreciable values. The

deviation of the interference function from the

reciprocal lattice point (as expressed by the ap-

proximation of Eq. (6) is of the order of the mean

cubed strain between neighboring unit cells; a

quantity which is small compared to mechanical

uncertainties in the interplanar spacing measure-

ment. ^ Thus if it is possible to determine the posi-

tion of the interference function centroid for

the (hkl) reciprocal lattice point, the mean inter-

planar spacing can be calculated from Eq. (3),

since nc* is the distance from the origin to the

hkl reciprocal lattice points.

Determination of the Interference Function

Centroid. The theoretical problem being solved,

it remains to consider the experimental difficulties

in determining the interference function centroid.

There are two possible approaches to the problem.

One procedure is to take the experimentally ob-

tained intensity vs. angle data and from this

diffraction peak obtain a 6 centroid

U =
f

I(d)ddd / fl(d) dd\

Then to this 6 various corrections can be applied

which are a function of 6. One then inserts the

corrected value of d into the Bragg equation and

using an appropriate average value for wave-

length calculates d. This procedure has been

well-developed recently for use on reasonably

perfect crystalline powders. s- 6.7 However, the

method is not applicable to powders which show

broadening of the order of that caused by the

natural spectral distribution. The reason for this

is that the method is based on approximating the

observed wave shape by a convolution integral,

an approach which is not valid for large amounts

of line broadening.
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Fig. 1. The original reciprocal lattice vectors are a*, b*, c* and the new vectors are a^ h^^

c*. For a powder sample the intensity of the diffracted beam at a setting 2d is proportional to

the integrated value of the interference function between the two spherical surfaces. If the
interference function is not too diffuse the sphere can be approximated by the tangent plane
over the area of interest and the intensity is proportional to 7o (^).

A more exact solution to the problem may be
obtained in the following manner. We suppose
that the diffractometer has no instrumental

broadening (later the correction for this will be
discussed), if the incident intensity is mono-
chromatic, and the crystalline powder is perfect,

the integrated intensity of the diffraction peak
for a thick specimen is^

P = (eVwc2)2 (pSimTrR) (7XVm).

iV2
I

F |2 (1 + cos229o)sin do/sin 2d.
(7)

where P is the power reflected into a length 1 of a

halo at a distance R from the specimen, p the

multiplicity factor, I the incident intensity on the

specimen of surface area *S, ix the true linear ab-

sorption coefficient of the crystalline powder,

do the angle of incidence and reflection, F the

structure factor, A^ the number of unit cells per

unit volume and the other quantities have the

usual meanings. If there is line broadening due to

crystalline imperfections Eq. 7 becomesf

t When line broadening occurs, P is no longer
concentrated at a single angle and likewise the
interference function is diffused out in reciprocal
lattice space. The integrated value of the inten-
sity is proportional to the integrated value of the
interference function and further a change in 6

Pie) de = K ^+J''^^ - /
i

FM hIM d, (8)
Sin 26 sin d n

where p = (1 -{- ^)nc*, n being the order of the

reflection from the hkl lattice planes, and K =
(eV^nc2)2(pl/327ri27) where V is the irradiated

volume.
Now actually we are dealing with a distribution

of wavelengths H(\) in the incident radiation.

Thus if

•X2

H(\) d\ = I,

'Xl
/:

Eq. (8) becomes

1 -f COS2 20
P{d) dd = K 6 r- H(\)X'

sin20sin^j^^ (/.i)X /qn

\F (2 sin d/\)\-'

I

o{2 sin d/\)d\

corresponds only to a change in p for the present

problem (See Fig. 1 and Refs. 1 and 3). For the

perfect crj'stal powder the integrated value of the

interference function is VA'~ where V is the vol-

ume of the powder. Thus for the perfect crystal-

line powder integration of both sides of Eq. (8)

leads to Eq. (7). In addition. Eq. (8) is vahd for

the more general case of an imperfect crystal.
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2 sine
= (1 + r)«c*

from Fig. 1 and Bragg's law. On integrating both

sides of Eq. (9) over a range sufficient to include

the entire diffraction peak we obtain

/

^2 sin 26 sin
P(d)

1 + cos2 20
dd [K

f

HiX) — d\
m(x)

/:

(10)

F(p)\'Io(p)dp.

Now to a first approximation n(\) = ciX^ and

I

/^(p) |2 = /?^2 _|_ c.^f where Fo^ is the value of the

structure deduced from the peak position and the

peak wavelength and d is a constant which can

be evaluated from the tabulated dependence of the

atomic scattering factors on sin e/\. With these

relationships Eq. (10) becomes

r02

J ft.

sin 26 sin 6
,

P(6) dB
1 + cos'-" 26

= K
I

' H (X) r/X

/'

(11)

(Fo' + r,f)/„(f)r/f.

If the right side of Eq. (8) is multiplied by 2 sin 6

and the left side by pX, then by going through the

steps leading to Eq. (11) there results

^2 sm 26 sm^ 6 ^

2^(^) r;r ^^^

1 + cos2 26î'
(12)

H{\)\ d\ / {Fo' + r.f)(r,+ i)/o(f) f/f.

On dividing Eq. (12) by Eq. (11) and putting

1 = (from Eq. (6)) the result is

/.

^2 sm 26 sm2 6 ^

2P{6) —
- dd

1 + cos' 26

IJ ft.

P{6)
sin 26 sin 6

1 + cos2 26 (13)

nc^\
C-2 —

1 + — t^

where

and

''Xi

\H{\) d\

X2

H{\) d\

Xi

•r2

//,;'• (f) rfr.

Since Co/Fo"^ is small (on the order of 0.1 for most

experimental conditions) and f^ is of the order

10'^ to 10~^ for heavily cold-worked metals; in

most cases (c-i/Fo^)^^ can be neglected and Eq.

(13) can be written as

1

nc*

1.
X /

' [P(6) sin 20 sin 6/(1 + cos^ 2^)] d6

L

(14)

[P{6) sin 26 sin- 6/(1 + cos- 26)] d6

2 sin 6

Values of X for the K^ doublet of the common tar-

get materials have been calculated by Ladelb^ and

are listed below

Mean Wavelengths of Ka Doublets for

Various Target Materials.

Target (kx units)

Cu 1.538745

Fe 1.933657

Cr 2.286450

If the trigonometric integrals in Eq. (14) can be

evaluated from experimental data the mean inter-

planar spacing can be determined. In practice it is

necessary to truncate the integration process as

the tails of the diffraction line decay quite slowly

and the signal to background level becomes low-

in the tails. The errors involved in the truncation

process have been examined by Ladell who sug-

gests the following sort of truncation proce-

dure. 5- ^ Referring to Fig. 2, let AB be the back-

ground level for the diffraction peak. The line CD
is then drawn such that the area ACDB is about

10 per cent of the area ACPDB. The coordinates

6i and d-i are determined as indicated and the inte-

gration is performed for the intensity above the

background level. From Ladell's analysis of this

method he concluded that the truncation errors

were of the order of 0.001 °0 or less. This conclusion

was based on the use of a peak shape consistent

with a well-annealed powder specimen but prob-

ably the error would be of the same size for broad-

ened peaks also. It seems fairly safe then to define

the limits of integration in Eq. (14) by the above

procedure. The actual integration can be accom-

plished by numerical methods, or by using a dif-

fractometer trace of the peak shape and an analog

computer. If it is desired to analyze a large number

of peaks a very simple electronic digital computer

can be constructed to perform the integration di-

rectly during the diffractometer scanning opera-

tion.'

Corrections for Instrumental Aberrations.

The only remaining problem is to correct for the

instrumental broadening produced by the diffrac-

tometer. The shift of the 6 centroid of the diffrac-

tion peak due to the various instrumental broaden-

ing sources has been determined by Wilson^ and

by Pike. 10 Their results can be summarized as fol-

lows, for an infinitely thick specimen (one that
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Fig. 2. The curve ACPDB represents the shape of the diffraction peak. The cross-hatched
area represents that part of the peak inchided in the integration.

transmits a negligible amount of the characteristic

radiation) the displacement of the 6 centroid of

the diffraction peak (A0i) due to the horizontal

divergence of the incident radiation, the finite

absorption coefficient for the specimen and the use

of a flat specimen is

A01 = A^ sin 26 sin 26

6/^2 4,j,R
(15)

where A is the illuminated length of the specimen
and R the diffractometer radius. The positive

value of A^i implies the centroid is shifted to a

lower 6 value than the correct one. The error

caused by the vertical divergence of the X-ray
beam cannot be so easily expressed. For a diff'rac-

tometer with two sets of Soller slits, the displace-

ment of the centroid is

A62 = [Qi cot 26 + Qo cosec 26] (16)

where 2h is the height of source, specimen and re-

ceiving slit, and Qi and Q2 are functions of an
aperture parameter q. q is defined in terms of W,
the foil spacing/length of the Soller slits (q =
RW/h). Appropriate values of Qi and Qo can be

obtained from Fig. 3 (taken from Ref. 10). x\gain

the sense of the shift is such that if Ad-2 is positive

the displacement is towards lower angles.

Now actually these displacements are for the 6

centroid but since the aberration function of the

diffractometer is quite sharp compared to the

wavelength spectrum, the convolution procedure

is valid for unfolding the true distribution from
the broadened one. It can be shown then that if

A^ = A^i + A62 , the aberration correction to be

added to Eq. (14) is Ac? = -d cot dA6. Thus by
experimentally evaluating sin 6 from Eq. (14) and
adding the correction for instrumental aberrations

the true mean interplanar spacing ^^cor of a cr^'stal-

line powder containing an arbitrary distribution of

internal strains is obtained

2 sin
(1 - cot 6Ad).
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INACTIVATION OF VIRUSES. See Viruses, Radiation Inac-

tivction.

INCISOR OF THE RAT AS A TEST OBJECT OF RADIOBIO-

LOGICAL AND CHEMICAL PROTECTIVE EFFECTS*

The base of the incisor tooth which is m a con-

stant state of prohferation, differentiation, secre-

tory activity, and mmerahzation, is a sensitive and

valuable test object for testing radiobiological and

protective effects. A single irradiation of the head

or medication with various cytostatics induces

characteristic morphological reactions at the base

of the tooth. As criteria for an influencing of the

cytostatics effect by so-called ray-protective sub-

stances, reactions of the mesenchymal tooth-form-

ing tissue were used (caryorhexis and edema of the

basal pulp; depolarization of the young odonto-

blasts). The same changes and, in addition, periodic

cell-hypoplasias of the internal epithelium of the

enamel served as criteria for irradiation-reaction.

So-called ray-protecting substances (hydrocorti-

sone, serotonin, cysteine, AET.2HC1) have a very

different influence on the irradiation and cyto-

statics-reaction of the incisor-base. Besides indif-

ference of the protective substances, sensitizing as

well as protective influences are observed, partly

depending on whether the so-called protective sub-

stance is applied before or after the action of the

damaging factor (X-rays, cytostatics). Based on

personal findings and a number of results in litera-

ture it is concluded that the cellular correlation of

effect between protective substances and X-rays or

cytostatics respectively is not to be regarded in

the sense of an unspecific activation or inhibition

but as a reaction specific to the cell. With regard

to the so-called ray-protective substances a strict

difference must be made between the effect on the

general organism and the local effect on the indi-

vidual body tissues. A local protective action must
always first be proved experimentally for each

kind of cell. This applies also for the use of so-

called protective substances in X-ra^^ treatment

and treatment with cytostatics in man.
G. Pliess

INDICES, PLANAR. See Parameters of Crystal Lattices I; Re-

ciprocal Lattice in Fiber and Single Crystal Analysis.

INDUSTRIAL MATERIALS. See Techniques for Investigation.

INFORMATION THEORY: USE IN X-RAY CRYSTALLOG-

RAPHYf

I. Introduction and General Concepts

In the determination of crystal structures

from X-ray data, a number of questions can be

* From a detailed report in Verhandlung der

Deutschen Gesellschajt fur Pathologie. 44 Tagung,

gehalten in Miinchen vom 8-10 Juni 1960; Gustav
Fischer Verlag, Stuttgart.

t Four articles (I to IV) under this general

heading are presented consecutively, followed by
V, a complete Bibliography of references in I-IV.

asked: (1) Knowing the accuracy of the X-ray

data, how accurately can the positions of the

atoms be determined? (2) If one is willing to ac-

cept an approximate solution of a structure, how

much X-ray data can be discarded? (3) Are the

data from crystals of large molecules (such as pro-

teins) sufficient for one to be able to say that the

problem is "oversolved"? (4) When the knowledge

supplied by the organic chemist regarding the

structure of known groups in the compound in

question is made known to the crystallographer,

how much easier does this make his problem? or

(5) What is the relative significance of phases and

intensities in structure determination? The pur-

pose of the sections which follow is to show how

information theory can be used as a guide in aii-

swering these questions. First is given the princi-

ples of information theory in a form useful for the

present purposes.

Information Theory. The scientific and engi-

neering literature of the last few decades abounds

in papers discussing a number of subjects which

are presumed to be related to information theory

(Cherry, 1957 ;i* Institute of Radio Engineers,

19532). Some of these subjects are communication

theory, thermodynamics, statistical mechanics,

pattern recognition in psychology, literature

searching, and microscopic resolution. In the

search for a common basis, we have found it con-

venient to introduce the concept "description

mechanics." We do not propose to establish a new

field, but rather to apply a useful concept which

the reader may later discard.

After founding the general concepts of informa-

tion theory as expanded into description mechan-

ics, some applications to crystallography will be

furnished.

The Constitution of a Description. The

viewpoint adopted in this article is that any de-

scription requires a number iV of cells and a num-

ber M of occupants for the cells. When each of

the occupants has been assigned to its cell, the

description is complete.

As an example, Fig. la is a one-dimensional de-

scription wherein four distinguishable occupants

are specifically assigned to nine cells. This is only

one of the many ways that these M unlike objects

can be placed in the A^ linearly arranged boxes

(Fry, 3 1929). The occupants may represent apples

and the cells baskets, the objects may be cows and

the cells stalls, or the objects may be flashes of

light and the cells intervals of time. The main

point regarding the linear array is that the cells

are different from one another only because of their

different positions in one dimension, for example,

X. The two-dimensional description in Fig. lb

shows eight occupants in 20 cells and is called two-

dimensional because two characteristics distin-

guish the cells from one another, namely, the x

and y positions. Each designated arrangement of

occupants and cells such as are shown in Figs, la

and lb is called a description, and the mere desig-

nation of the values of N and M gives us only the

the grand descriptive capacity of the system. The

grand descriptive capacity Wq is defined as the

number of descriptions or patterns that can be
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arranged by placing M distinguishable occupants
in N cells without regard to the number per cell.

Wo = N^. (1)

X ® >^ X

a

X X X

X

X X

® X

Fig. 1. (a) Linear arrangement of four unlike ob-
jects in nine boxes, (b) A two-dimensional arrange-
ment of eight unlike objects in twenty boxes.

As will be shown later, restrictions may reduce
the descriptive capacity to less than Wq • It is

also noteworthy that Eq. (1) shows that Wg is not
influenced by the dimensionality of the system or

the shape or size of the cells; only the number is

important in computing Wq .

To introduce the concept of a description in the
speediest manner, let us consider the series of

Figs. 2a to 2f. These pictures of an elephant are

obtained by arranging in a specific manner M
black squares inside of N cells which they fit.

These systems are all two-dimensional, having
the same dimensions Lx and Ly , and areas A =
LxLy . In all these figures, about 27 per cent of the
area is occupied. Let us designate Fig. 2a as the

"describee" (the real thing to be described) and
the remaining figures represent descriptions of the
describee under various circumstances. Figure
2b represents an attempt to weave a picture of

Figure 2a using straws of such width i\x, that 66

of them, when laid vertical and adjacent, are re-

quired to extend over the distance Lx and a second
set, of such a width, A?/, that 44 are required to

extend over Ly . These can be applied in the sim-

plest basket weave to comprise a number of cells,

iV = 66 X 44 = 2904. The number of occupants is

2904 X 0.27 = 784 black squares. If all the occu-

pants had been different in color (or some other

distinguishing characteristic) and if there had
been no restraints as to the number of occupants
per cell, then the grand descriptive capacity of the

n ^mmH m m1n
1H ^m
B

Fig. 2. Patterns representing an elephant with decreasing resolution from (a) to (f).
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Table 1. Symbols Used
IN These Articles.

Cells Occupants

Number N Number M
Coordinates Xi Kinds V

Dimensions Li Serial number
of kind

k

Edge num- Ni Number of Mr
number each kind

Resolution AXi = Li/ Accuracy of AMr
Ni counting of

each kind

Spatial vol- Vs = UiU Number of Mo
ume null occu-

pants or va-

cancies

Cell volume lliAXi

system would have been, from Eq. (1)

Wg = 2904^84 ^ 9.8 X W'. (2)

But the weaver has restrictions, the first of which

is that only one occupant is to be placed in each

cell. The number of ways in which M distinguish-

able occupants can be arranged in iV cells with only

one per cell is (Fry,^ 1929)

:

Wa
NI (2904)!

{N - M)l (2904 - 784)
1.98 X 102664. (3)

which is only about W g/s >< 10^°. The second re-

striction is that all the occupied squares are iden-

tical since they all are black. The number of pos-

sible arrangements of M identical occupants

within A^ cells, with no more than one per cell, is

Wb =
N\

(N - M)lMl
6 X 10' (4)

These distances Ax = Lx/66and Aij = Ly/U&re

the limits in accuracy in the x and ij directions

and determine the resolution in the description.

Figure 2c is the description of the elephant using

double the inaccuracv. Here A^ = 33 X 22 = 726,

M = 726 X 0.27 = 196, and Wc = 2.6 X W. Thus

the inaccuracy is increased until in Fig. 2f, with

weaving material the width shown, the best pos-

sible representation of the elephant is a square

black and Wf = 495.

Table 1 summarizes the sjmibolism to be used

in this series of articles. The use of this symbolism

and the procedure for constructing a descriptive

system are facilitated by reference to Fig. 3. First,

the spatial coordinates Xi are laid out and extended

as far as the limits Li . The volume of the domain

is the product of the L, values. We call the coordi-

nates "spatial" even though they may involve

other dimensions than length. For example, in

quantum statistics (Tolman,^ 1927; Band,^ 1956)

phase space has six coordinates, qiqiqsqiPiPiPs ,

where only three are distances and the remaining

three are momenta; in communication, one coordi-

FiG 3. The scheme for dividing the co-ordinate axes into intervals determined by the reso-

lution so that the domain can be divided into cells.
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nate might be time; and in agricultural statistics,

one might be cows. Second, each coordinate is

divided into segments of length Ax^ representing

the inaccuracy in measuring along each coordi-

nate. Third, parallel planes are drawn through the

segmenting points of each coordinate, parallel to

the remaining coordinates. This divides the do-

main into N cells, each having volume AxiAxoAxs .

Restraints on Descriptive Systems. When
the values M and N for the number of occupants
and cells respectively are given, the descriptive

system is defined and the grand descriptive capac-

ity is usually an astronomically large number. As
one restraint after another is induced upon the
system, the descriptive capacity is reduced. If

sufficient restraints are placed upon the system so
that one and only one configuration of occupants
in the cells satisfies the conditions of restraint
(that is, M^ = 1), then the description is complete.
Some examples of restraints are summarized in

Table 2, where the first item (a) having no re-

straints furnishes the value of the grand descrip-
tive capacity N^ entered in the right-hand col-

umn. Many of the other entries in Table 2 are

Table 2

Restraints Descriptive capacity, W

a. A^ cells, M distinguishable objects, no restraints Wg = N^
b. Same as (a) but only one occupant per cell A^!

c. One occupant per cell, v kinds of occupants and
and Mk occupants of each kind

d. Same as (c) except that Mo = Mi = M2 = • • • =
Mk = -'- = M, = S

e. Same as (b), but all cells are full, N = M
f. Same as (c), but all cells are full, N = M

(N -- M)\

w Nl

(N-- M) IIL : (M,)!

w

w

N
(S\)

= A^!

IS

N\w =

w

w =

w
11/ (N^ljlf

Quantum Theory

g. All occupants identical and one per cell, Mo =
N ~ M, M, = M, M2 = 0, Mz =

h. All occupants identical and no restraint on the
number per cell

i. Nj cells containing J occupants (A'2 cells contain-
ing 2, etc.)

j. A^ cells divided into Q groups, A^^ in gth group,

2Zg=i Nq = N (see Fig. 4) where each group has

its own Wg

k. Restrained to measuring radial distance in three
dimensional system xiXoXs (see Fig. 5) Nm =
(4:7rMl)/8

1. Descriptionrestricted by conservation law,

ELo ^^k = ^
Can be applied to (a), (b), (c)---

, (j)

Applied to (f) as example

m. Probability restriction dW/dMk = could be ap-
plied to (a)- • • (j)

n. Conservation restriction coupled with probabil-
ity restriction Mk = e-(«+A/3-i)

Can by applied to (a), (b) • • •
(j)

o. Mathematical equations and physical laws are
restrictive

p. Prior knowledge of bias, redundancy, a priori Gambling
probability, or loading

Nl

{N - M)lMl

(N + M - 1)!

(A^ - DIM I

Nl

Nl

{X- ZL,kM,)iliL2iMki)

Applied in entropy of perfect gas

Distribution Law
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Fig. 4. (See Table 2). A domain divided into subdomains between which occupants cannot

be exchanged.

>"X|

^^^W
Fig 5. (See Table 2). Considering three dimensions, with Xi , X2 , and Xz bemg the coordi-

nates and ^x^ , AX2 , and ^x^ the resolutions as shown, the intervals may be numbered ^i

along xi , h along X2 , and h along Xs . In this domain of volume Li L2 U any number M ot

occupants may be arranged. Assuming that the power to determine the co-ordinate directions

has by some manner, been lost and we are capable only of measuring radial distances (Mayer

and Mayer,*^ 1940, p. 54) to the cells with an accuracy ^r equal to Ax, the number o± ceils m
the shell at radial distance I = {k' + U' + UY- and thickness M is (since we are considermg

only H of a sphere.)

NM = JtTvPM

This means that within each radial distance M there are A^a cells.

familiar to students of statistical mechanics

(Mayer and Mayer, ^ 1940, p. 54) and probability

theory; for example, entries (/), {g), and (/i)

apply to Boltzmann, Fermi-Dirac, and Bose-

Einstein statistics, respectively (Mayer and

Mayer, 6 1940, p. 111). Entry {j) tells us that the

description capacity of a set of independent de-

scriptions is the product of the individual descrip-

tion capacities.

Remarks About Information Theory. The

first sentence in L. Brillouin's book^ (1956),

"Science and Information Theory" is: "A theory
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of information has been developed in recent years,

and has found wide application in different fields

:

telecommunication, computing pure physics, and
discussion of the fundamental processes of scien-

tific observation." Information theory in the

sense that Brillouin and many other scientific

writers use it was cradled in the science of tele-

communication (under the leadership of Shannon
and Weaver,^ 1949; MacKay,^ 1950; Gabor,io 1946;

Nyquist,!! 1924, 1928; Hartley,!^ 1928; and others)

and is now being adapted to psychology (Quastler,!^

1955, the physiology of the eye and ear, and many
other fields (Cherry,!^ 1953).

Information is defined (Brillouin, ' 1956) as a

dimensionless number obtained by multiplying

the logarithm of the number of equally probable

alternatives A = 1/P by a constant K:

h = K\nA (5)

where P is the probability. The term A has the

same meaning as descriptive capacity W in the

foregoing paragraphs, where A = W is the num-
ber of alternatives or ways of arranging the occu-

pants in the cells before any restraints are applied,

and /i is the information necessary to reduce A
to unity. In the arrangement of N pennies dis-

cussed under Information Theory, for example,
where the possibilities are W = 2^ , the informa-

tion is

I = K\n 2^ = KN In 2 (6)

The adopted unit of measure of information,

the bit, is incorporated in K and is in 2. With
K = 1/ln 2, the number of bits of information in

Eq. (6) is

In general,

/ = (1/ln 2)N In 2 = iV.

I = log2 A = log2 W. (7)

The additive property of logarithms is convenient
in examining descriptions because as one proceeds
he can add his bits of information as he goes with-
out knowing beforehand the extent of the design.

For the case of unequal probabilities, Shannon^^
has derived the following equation:

/ = -KN 2: Pk In Pk

-NY.Pk log2 Pk bits
k

(8)

where Pt is the a priori probability of each letter

as determined from laborious counting over large
A^ using Pk = Mk or

= I/N J^ Pk log2 Pk bits per occupant,
k

(9)

When Eq. (9) is applied to our alphabet using
accepted tables of Pk , i is 4.03 bits per letter, in-

stead of 4.76. Although this does not appear to be
a very great difference, it greatly influences the
descriptive capacity of a page by the ratio

Wo/Wp = lOo-o^ssiv

so that in a small printed page of 1000 letters, this

has reduced the number of possible messages by
a factor of 10^^-^. In gambling, this amount of

loading would be disastrous.

Dan McLachlan, Jr.

INFORMATION THEORY: USE IN X-RAY CRYSTALLOG-

RAPHY

II. Crystal Structure and
Information Theory*

From the standpoint of "information theory"

as set forth by Shannon, ^^ Shannon and Weaver,

*

Brillouin'^ and others and more particularly from

the viewpoint of "description mechanics, "^^ the

study of crystal structures using X-ray data in-

volves the consideration of three models. These

models have a point-by-point relationship with one

another as follows: (1) the crystal is called the

"describee," (2) the diffraction pattern is a "code"

which is to be deciphered, and (3) the proposed

structure (or solution) is a "replica" which should

have a direct similarity to the describee.

The basic assumption in this type of study is

that no more information can be gained than is

contained in the diffraction pattern. The "descrip-

tive capacity" of the crystal as a describee and of

the diffraction pattern as a code can be computed,

and thus the adequacy of the diffraction pattern in

describing the crystal can be estimated. The meth-

ods for making such estimations will be illustrated

in the following paragraphs through the use of a

one-dimensional diffraction pattern.

The Describee. Following the methods of de-

scription mechanics, we first draw a line whose

length represents the length, a, of a single crystal-

lographic unit cell in the x direction. Then we

mark the distance a into N equal intervals which

we call "description boxes." These description

boxes each have dimension Ax = a/N. This dis-

tance. Ax, represents the accuracy with which we

wish to locate the atoms in the unit cell. If we know
from other sources that there are M identical

atoms per unit cell, then the descriptive capacity

of the crystal is the number of ways of placing M
atoms in N boxes with no more than one atom per

box. If we were dealing with point atoms, the de-

scriptive capacity coc' would be

Nl

Ml{N - M)l
(1)

But, since atoms occupy volumes that greatly ex-

ceed the limits of accuracy, another more ap-

propriate equation has been devised. Assuming

that each atom occupies r boxes, the descriptive

capacity ooc is approximated by

* Numbers of references in Complete Bibliog-

raphy in Article V of this series.
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Mm/r - M)\

= (d/Ax)«/'^
ia/d)

(2)

M\{a/d - M)

where d is the diameter of an atom.

The Code. The data from the diffraction pat-

tern can describe the crystal structure, provided

that the descriptive capacity of the diffraction pat-

tern equals or exceeds that of the crystal. The dif-

fraction pattern furnishes the Miller indices, h,

and the absolute magnitudes of the amplitudes

{Fh) which represent the structure through the

equation

P(^) = ^. Z I

/^
I

cos {2irhx
V h

>,) +
V '

(3)

where p(x) is the electron density at the point x,

V is the volume of the unit cell, and ah is the phase

angle of the diffracted wave. Usualh^ in practical

work, the accuracy of measuring amplitudes can-

not be expressed as a percentage; but the value

\
F \^o assigned to the weakest visible maximum is

the increment of inaccuracy for all maxima. There-

fore, this increment could be called a "diffraction

slug" and the number, *S/, , of them in a diffraction

spot is ,S;, =
\
Fh\/\ F \r,: . The total number in the

entire diffraction pattern is

h
I

F u,

(4)

Fortunately, the diffraction pattei-n is By nature

divided into "diffraction boxes" or distances in

reciprocal space and the number of such boxes is

simply H, the number of diffraction maxima or

spots. If this problem were simply that of comput-
ing the number of ways of placing S slugs in H
boxes without regard to the number per box, then

the descriptive capacity wd'" of the diffraction

pattern would be

{H + S - l)\

(H - DlSl
(5)

However, two additional things must be consid-

ered. The first of these is the phase angle which
might be estimated by some means with an as-

sumed accuracy of 2Tr/r]; and the number of ways
of classifying H boxes into r? classes is -q^. Thus
co'" should be altered to

iH(H + ^ - 1)!

(H - 1)1 SI
(6)

The second correction that must be made is to

take care of the fact that diffraction maxima can-

not assume unlimited values, but each value is

limited to
|

7^;,
|

< Mfh where M is, as before, the

* For a more accurate treatment of this prob-
lem see D. McLachlan and L. L. Chamberlain,
Am. J. P/ii/s. 385, 29 (1961).

number of atoms in the unit cell and /;, is the

atomic scattering factor in the direction prescribed

by k and the wavelength X. The values of fh are

readily available in published tables as a function

of (sin 9)/X. Calling the maximum value of Sh
,

Qh , a special alteration* was derived for Eq. (5):

'H-l

n (Q>. + h)
1

(H-l)'
(7)

and the first correction 77" still has to be applied.

So the restricted descriptive capacity of the dif-

fraction pattern is

H-l

n (0/, + h)U 1):

(8)

It is interesting to note that Eq. (8) reduces to

Eq. (6) when the upper limits, Qh , for Sh are all

identical and as high as possible, i.e.,

Q^ = Q, = ... = Q, = ... = S.

Comparison of Describee and Code. If the

diffraction data are adequate for determining the

structure, then (see Eqs. (2) and (8))

or

{d/Axy''^(a/d)\

Ml{a/d - M)l
S V

<

n^^'' + ^^^](^ (9)

Equation (9) can be used for either one or two

purposes: (a) to determine the accuracy of Ax in

locating atoms,

A.r
d[(a/d) IV-

UiMlia/d - M)!]-^/"'
(10)

or (b) to determine how many phases, q, are yet

to be estimated in order to attain a given accuracy

Ax. This is done by replacing H by q in the v"
term of Eq. (9) and solving for q, thus:

coc = n'io^d (11)

g = In (a)r/cod)/ln rj.

Dan McLachlan, Jr.

INFORMATION THEORY: USE IN X-RAY CRYSTALLOG-

RAPHY

III. Approximate Methods in Determination
of Crystal Structures

Although historically crystallographers had to

begin with approximate methods when the tools of

science were crude, much effort has since been de-

voted to improving the accuracy of the methods

as well as the accuracy of the data. Seldom does a

researcher willfully apply approximate methods.
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However, Lukesh^^ (1947) showed that, knowing

the signs of the F values, one can purposely use

very crude approximations of the magnitudes

of F and still learn much about the gross struc-

ture; and Harker^^ (1953) showed the relationship

between "globs" of scattering matter and the

average of F"^ for large interplanar spacings. The
purposes of the present paper are (a) to outline

an approximate procedure for structure determina-

tion; (b) to show quantitatively the inaccuracy

to be expected in a structure determination re-

sulting from a given inaccuracy in the diffraction

data; and (c) to indicate the advantages of us-

ing approximate methods to "get started" on a

complicated structure.

Approximate Structure Determinations.
The equation

pixyz) = 4 Z Z Z Fune-^^^^^^l-^^yl^^^^i'^^ (1)
V h k I

is an exact equation for computing the number of

electrons per unit volume at a point xyz within the

unit cell. At the beginning of a structure investi-

gation a worker might be momentarily content

with a cruder type of knowledge, namely, the

total number of electrons within relatively large

but known-sized volumes located throughout the

unit cell. To define such volumes, let us divide the

a dimension of the unit cell into n^ equal parts and
give the division marks serial numbers jx running
from zero to nx : likewise divide the b and c di-

mensions into Uy and nz divisions with serial num-
bers jy and jz . Passing planes through the divi-

sion marks divides the unit cell into n identical

boxes where n is the product nxnyUz and the di-

mensions of each box are a/nx , b/ny ,
and c/n^ .

The fractional positions of the centers of the boxes
are (jx + h)/nx , (jy + h)/ny , and (j^ + |)/n^ .

The total number of electrons within one box is

obtained by integrating Eq. (1).

we have a new set of structure factors and Eq. (3)

becomes

Z(jxjyjz) = Cc

r^2 rvi r^i

•^Xi -^2/1 *^3i

p(xyz) dx dy dz (2)

where Co is a factor to compensate for the non-
orthogonality of the axes

;

xi = jxa/jix
,

X'l = (jx + l)a/nx
,

and similarly for y^yo and 212:1 . The result of the

integration is

Z(jxjyjz) = — Z Z Z 777 sin (2Trh/2nx)
TT^ h k I rikl

•sin (2Trk/2ny) sin (2Trl/2n,)

Letting

(Fhko/hkl) sin(27r/i/2^i:c) sin(2'irk/2ny)

'sm(27rl/2n,) = Ff,ki

(3)

(4)

Z(jxjyjz) = -Z Z Z P'kkl
TT'^ h k I

(5)

-27r i[h(Jx+h) I nx+k(jy+i) I ny+H},+l) I n^]

A projection along the b axis, for example, requires

integrating Eq. (5) from

yi = ob/ny = to

y2 = nyb/ny = b,

and gives

/ / p(xyz) dx dy dz

'xi '^ ''zi

~ Z Z ^'hOl
TT- h I

(6)

-2wi[h(Jx+^)lnx+l(Jz+l)ln^]

with.

Fhoi = (Fm/hl) sin(27rV2nx) sin (27r//2n,) (7)

An Example. To illustrate the use of Eqs. (6)

and (7) the structure of diopside, Bragg^^ (1929),

is used as an example. The base of the cell is im-
agined to be divided into nx = 12 divisions along

the x direction and nz = 12 divisions along the z

direction. Applying Eq. (7) we get

Fhoi = (Fhoi/hl) sin(27rh/24:) sm(2Trl/2i) (8)

and, due to the sj^mmetrj^ of Cth = B2/b, Eq. (6)

gives

Zij.jz) = (4/7r2) Z Z I hoi c.os(2^/12)[h(jx + I)

+ l{j^ + m+ Fhoi cos(2^/l2)\h(jx + h) (9)

- l(jz+ m + ^000/122

Table 1 gives the Fhoi values from Bragg's 1929

paper and, in parenthesis, the Fhoi values deduced
from Eq. (8); and Table 2 shows the projection

obtainable from Eq. (9).

Correlation of Structural Approxiinations
with Approximations in Measurement of
Data. The description of the inaccuracies in

structure given in the preceding paragraphs is not

complete until we define how inaccurately we
measure the electron content of the boxes. This is

accomplished by defining a unit of inaccuracy as

AZ = Z/m where Z is the total number of asym-
metric electrons in the unit cell and m is an inte-

ger. Thus we might think of the cell as containing

m packets (or "slugs") of electrons with AZ elec-

trons in each slug so that Z = mAZ. The approxi-

mate structure determination is then the alloca-

tion of the m slugs in the n boxes.
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Table 1,

i

8 6 4 2 2 4 6 8

a

b
c

38

(4.17)

29

(4.65)

136

(28.6)

[3]

175

(43.7)

[4]

432 175

(43.7)

[4]

136

(28.6)

[3]

29

(4.65)

38

(4.18)

2 a

b
c

19

(1.00)

88

(5.5)

[1]

46

(2.9)

36

(1.44)

4 a

b
c

72

(2.4)

90

(3.97)

128

(6.74)

[1]

15

(3.15)

80

(4.2)

77

(3.4)

49

(1.65)

6 a

b
c

100

(16.0)

[1]

82

(3.28)

59

(1.98)

30

(0.77)

8a
b

33

(0.76)

51

(1.4)

76

(8.4)

[1]

32

(0.88)

10 a

b
c

63

(0.79)

56

(2.8)

44

(0.55)

12 a

a. Bragg's F value, Fhoi

b. The new "structure factor", Fh(}i

c. Shoi rounded to nearest integer.

According to Description Mechanics (jNIcLach-

lan,i9 1958) the descriptive capacit}^ of a unit cell

divided into n numbered boxes into which are dis-

tributed m identical slugs is

(n + m - 1)

!

spective capacities Ws and Wd must be equal

(McLachlan^o 1958). Combining Eqs. (10) and (11)

we get

(12)

Ws =
+ m

{n — 1) ! m

!

(10)

The diffraction pattern also has a descriptive

capacity, Wd , hy virtue of its points in the re-

ciprocal lattice, each weighted by F values. If we
define the magnitude of inaccuracy, or the size of

a diffraction slug, as

AF = (E I

Fm \)/S
hkl

where S is an integer, we can think of a diffraction

pattern as S slugs of amplitude distributed be-

tween H points in the reciprocal lattice (where H
is the number of diffraction maxima not related by

symmetry requirements). The descriptive ca-

pacity, assuming w^e know the signs or phases of

the F values, is

Ws = Wd

in + m - 1)

!

^ (H + S

{n - 1)1 ml

1)!

(H - 1)1 SI
(13)

Knowing (by choice of structural inaccuracies)

the values of n and m, one can solve for S by graph-

ical means and thus compute the inaccuracy, AF,

tolerable in the measurement of the F values.

Applying Eq. (13) to the diopside problem, we

have n = nxn^/8 = 18 distinguishable boxes (since

the symmetry of B2/b is 8). If we let AZ = 1, then

w^e are measuring the content of the boxes with an

inaccuracy of one electron and

m = Z/(8aZ) - ip = 54.
8

Wa
jH + S - 1)1

(H - 1)1 SI
(11)

Ws
in -f m - 1) ! (18 -f 54 - 1)

!

(n - 1)! ml (18 - 1)!54!

(14)

For the inaccuracies in the structure to be com-

patible with the inaccuracies in the data, the re-

71!

17! 54!
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The number of diffraction spots is 42 = H and the

sum

h I

236.22

The inaccuracy A^ which we seek is

A^ = Z E
I

Fhoi
I

/S = 236.22/5 (15)
h I

Wd =
{H + S -1)1 (42 + S - 1)

{H - 1)1 SI (42 - 1)! aS!

(41 + S) !

(16)

41! SI

combining Eqs. (14) and (16) and calling

71! 41!

17! 54!
= G

we get

log G -\- log SI = log (41 + S)l (17)

Plotting log G + log *S! against S gives curve ab
in Fig. 1 and plotting log (41 + S) ! against S gives

curve cd in Fig. 1. The curves across at 20.7 so we
choose S as 21. Introducing aS = 21 into Eq. (15)

gives AF = 236.22/21 = 11.2. Now we can make a
table of Shoi values, where

Shoi = Fhoi/AF = Fmi/11.2.

These are shown (rounded off to the nearest in-

teger) in Table 1 in brackets under Bragg's Fhoi
and the Fmi in parentheses. These Shoi values are
the number of diffraction slugs in each diffraction

spot, and the object is to solve for m(jxjz), the
number of electron slugs in the boxes. Equation
(9) must be modified to read

TT^ h=l 1=1

27r

Shoi cos — [h{j. + h)

+ ^(i^ + I)] + ShOl COS
12

[h(j. + I) - lU^ + ^)] + 3

(18)

The values of 7n{jxjz) are given in parentheses in

Table 2 under the values obtained b}^ summing
Bragg's S{x,z) values from his Table V.
Figure 2 pictorializes the concept of placing 54

electron slugs as tabular blocks in 2 X 18 planar
boxes. It can be seen that some correlation exists

between the accepted structure and this crude
determination, based on only seven F values.

Application of Theory to Organic Coin-
pounds. Among many crystalline organic com-
pounds there are features that are similar. The
first of these is that organic crystals abound in

Fig. 1. Graphical solution for S by plotting the
two parts of the equation log G + log S\ = log
(41+5)1

carbon atoms associated with some nitrogen and
oxygen atoms. Each of these atoms can be confined
in a cubic enclosure 1.5A on a side, i.e., a volume of

3.38A3. The average number of electrons per atom
in organic compounds is in the neighborhood of 7

and the average atomic weight is about 14. The
density, D, varies from compound to compound
from 0.7 to 1.3 but for the present approximations
we shall accept 1.0 as a medium density. These
averages enable one to make some approximate
generalizations connecting m, n, and H in Eqs.

(10) and (11).

Choosing e as the number of electrons in one
slug, then the number of asymmetric electron

slugs in the cells is

Css^ C'ssc

7N

Css^
(19)

where Css is the symmetry number of the cell and
N is the number of atoms in the cell.

Also choosing the volume of a box as some multi-

ple (or fraction) v of the volume of one atom, then
the number of asjmimetric boxes in the cell is

n = M
^{1.5)K'ss Du{1.5)'Css-0m2

UN 6.88A
(20)

Dp{1.5)'Css-0-Q02 vCss

where V is the volume of the cell and M the molecu-
lar weight of the cell content.

Also we can relate H to n and finallv to A"

H = Co
47r 2a262c

3CsD
'

X^

and

(21)

(22)
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295

(1.28)

[1]

326

(1.41)

[1]

1616

(7.01)

[7]

1520

(6.6)

[7]

69

(0.30)

[0]

159

(0.69)

[1]

747

(3.24)

[3]

1328

(5.76)

1172

(5.09)

[5]

454

(1.79)

[2]

179

(0.77)

[1]

514

(2.23)

[2]

Table 2.

.a/2

290

(1.26)

[1]

300

(1.30)

[1]

1244

(5.40)

[5]

1725

(7.49)

[7]

248

(1.08)

355

(1.54)

[2]

355

(1.54)

[2]

248

(1.08)

[1]

1725

(7.49)

[7]

1244

(5.40)

[5]

300

(1.30)

[1]

290

(1.20)

[1]

514

(2.23)

[2]

179

(0.77)

[1]

454

(1.97)

[2]

1172

(5.09)

[5]

1328

(5.76)

(3.24)

[3]

159

(0.69)

[1]

69

(0.30)

1520

(6.6)

[7]

1616

(7.01)

326

(1.41)

[1]

295

(1.28)

[1]

-c/2

c/4

12 3 4 5 6

a. AZ{j:cjy) obtained by summing Bragg's S{x, z)/\0 (from his Table V) over each box, with A = 2304.

b. Number of electron slugs in each box.

c. Electron slugs rounded to nearest integer.

Fig. 2. Showing an approximate structure determination of diopside projected on the a c

face, face, schematically represented as tabular blocks placed on planar sites having sides

a/ 12 and c/12. Bragg's structure is shown on the upper plane. Note that the Mg Ca electrons

are shared by four "boxes."
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where Csd is the symmetry number of reciprocal

space and Co is the nonorthogonality factor for

computing volumes. Combining Eqs. (20), (21),

and (22) and assuming that X = 1.54A, we find

H 30.9Cssnv/CsD = 213.N/Csd (23)

Introducing Eqs. (19), (20), and (23) into (13) , we
get

mSSN/uCss) + {7N/Csse) - Ij!

mSN/j^Css - m7N/Csse)l

[{213N/Csd) + S - l]l

mm/Csd - 1]IS\

(24)

For convenience in viewing this equation, we
might let

6.88/Css = k,
, 7/Csse = k^

,

and 213/CsD = ks , so Eq. (24) becomes

(hN + k2N - 1)1 (k^N + S - 1)\

{kiN - l)l{k2N)\ ihN - DlSl
(25)

which indicates, by inspection, that for large

organic compounds where N is large,

'S = Z Z E I
hu \/AFm

"

-

h k I

is also large. With

E E Z
I

Fhki
I

h k I

always measurable, S determines the value of

AFhki .

Summary and Remarks. A procedure for car-

rying out a structure determination of any degree
of approximation has been outlined in this paper,
and the correlation between structural inaccura-
cies and data inaccuracies has been indicated. We
propose that for complicated structures such as

the proteins, one could investigate the gross prop-
erties of the structure by choosing the "boxes" in

the cell of such a shape and size as fits the sus-

pected structural units of the molecule and then
make finer computations later. The problem of

phase determination naturally arises. This use of

approximate methods as outlined above does not
prevent the use of phase-determination methods
that are based on raising the cell content to higher
powers (Say re, 21 1952; Zachariasen,22 1952; Mc-
Lachlan,23 1959) because not only is [p(x//2)" in

Eq. (1) positive but so is [Z (j^rjjz)]" in Eq. (5).

By consecutive reductions in size of boxes ac-

complished by increasing numbers of significant

Fhki terms one might "creep up" on difficult

structure problems.
It should be pointed out that Eqs. (10) and (11)

really overestimate the descriptive capacities of

direct and reciprocal space because they assume
that any number of electron slugs or diffraction

slugs can be placed in one box or on one diffraction

maxima. Although the derivation of a perfectly
general equation applicable to all conditions is too

extensive to be presented here, the discussion is

not impaired. The accurate equations will be pre-

sented elsewhere.

A remark should be made regarding the terms

(j. + H), (jy + li), and (i. + H) in Eq. (5)

which have to do with the fractional positions of

the boxes. The l^ arises because we chose to have
the centers of the boxes shifted a/2nx , h/2ny

,

and c/2n2 with respect to the origin. The }4 could
be generalized to any fraction, (8, and Eq. (5)

would become

Ziirjyj.) = - Z E E F,kl
ir-^ h k I

exp -27ri[h(j, + l3)/n, + k(j, + (3)/ny

+ Ki. + fi)/n.\ = -3 E E E Fmi
n-^ h k I

exp -2Tri{hl3/njc + k^/Uy + 10/ Hz)

•exp —2iri{hjx/nx + kjy/riy + Ijz/n,)

= ~T E E E Fhki exp -2-!ri{hjJnx
n-^ h k I

(26)

where

+ kjy/ny + Ijz/riz)

P^j,l = pf^i^i
Q-iTiihffln^+k^lny+l^ln^)

If the shifts are not the same in all directions, then

it is necessary to replace with 0x , 0y , and 0z .

The significance of is brought out in Fig. 2 of

Article I, where the Ca and Mg electrons are

shared between four boxes so that one of them
may be expected to contain (12 + 20)/4 = 8, or

less, electrons while the silicon electrons are shared

by two boxes so that one of them may be expected

to contain 14/2 = 7 electrons, or less. If /3 had been

zero instead of '^4, then the boxes would have been
shifted so that all 32 of the Ca-Mg group of elec-

trons would be in one box. This "phasing" char-

acteristic of positioning the boxes could be either

a nuisance or a tool, depending upon how it is used.

The author is indebted to the Stanford Research
Institute for funds for fundamental research which
made this section possible and thanks are due Mrs.
L. Chamberlain for assistance in computations
and discussion.

Dan McLachlan, Jr.

INFORMATION THEORY: USE IN X-RAY CRYSTALLOG-

RAPHY

IV . Tlie Role of Pattern Reeognition in

Crystal Structure Determination

There are two ways in which pattern recognition

enters into structure determination. The first of

these has to do with the interpretation of Patter-

son maps. As shown on page 320 of McLachlan's
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(a) (b)

Fig. 1. Showing the capital letter A with varia-

tions in position, magnification, and orientation.

X-ray Crystal Structure (McGraw-Hill, 1957), a

Patterson map of a structure containing N atoms

is an arrangement of N structures each identical

to the original, and therefore, the separation of one

of the structures from the array is a problem of

recognizing the original. Means for doing this are

exemplified by Buerger's image seeking function,

shifted Patterson sums and products, vector con-

vergence methods and the like, all of which are dis-

cussed thoroughly in Martin Buerger's Vector

Space (John Wiley & Sons, 1959), and therefore

will not be discussed here. The second way has to

do with means of recognizing a group of atoms in a

structure when the structure of the group is known

and the orientation and position are unknown. The

principles of pattern recognition are first cHs-

cussed.

Pattern Recognition as a Function of Posi-

tion Only. Introduction. There are a number of

processes, either developed or in the planning

stage, whose ultimate successful functioning must

be based on a sensing device of a special sort. The

device should be capable of distinguishing between

composite signals in time and space, that is,

groups of signals which form recognizable pat-

terns. Examples of processes that are dependent

upon pattern recognition are information-retrieval

systems, machines for translating languages^^* and

certain data-processing machines such as the

banking machine ERMA.^^
A fully desirable pattern-recognition device

should be able to recognize any given design, re-

gardless of (a) its position Xoyo on the page, (b)

its orientation on the page, or (c) its size or scale

of magnification (see Figs. 1(a) and 1(b). In this

discussion only the first of these, independence of

position, is to be given attention.

The search for that property of a motif (or piece

of design) that is the same regardless of where on

the page the motif is located leads to the self-con-

volution (or autocorrelation) function. ^e

The Physical Meaning of the Correlation

Function of a Motif. Any motif located on the

xy plane (see the A shown in Fig. 2) can be fully

described by expressing the function p{xy), that

is, the magnitude of some property p as a function

of the coordinates xy. In printed matter or pic-

tures, the property would be either reflectance or

transmittance. The objection to p{xy) for recog-

nizing the motif is that, when the motif is moved
in the plane of the paper, the function pixij)

changes w^hile the character of the motif as a

recognizable pattern does not change. A function

that is invariant under translation contains what
might be called internal coordinates, uv (see Fig.

2), within the motif that moves with it. This func-

tion A (uv) is the sum (or integral) of the product

of p (xy) and p{x -{- u, y + v) ioT all values of x and

y over the figure.

* Reference number in Complete Bibliography

in Article V of this series.

.(uv) = —
/ p(xy)p(x + u, y + v)dxdy.

ab J. Jn
(1)

Equation (1) is the autocorrelation function in

two dimensions. The reason that Eq. (1) is said

to represent an autocorrelation is because both

termini (say a and a', h and b' , or c and c' of Fig.

2) are on the same motif or pattern A. If the termi-

nus, a, were on one pattern p(xy) and the terminus

a' were on a different pattern p' (xy), then we would

have a cross-correlation function.

A(uv)
ab Jr. J.

)(xy)p'(x + u, y -\- v)dxdy, (2)

A meaningful (but not too convenient) optical

device for clarifying the physical meaning of cor-

relation functions is shown in Fig. 3. This figure

shows a plane A whose photographic transparency

varies over its area according to p (xy) and a second

plane B whose transparency varies as p'(xij).

These two planes are shifted with respect to one

another, u in the x direction and v in the y direc-

tion. Light from the source aS, passing through the

collimating lens, Li , must go through the planes

(£-Jiri

Fig. 2. The letter A in the domain ab with the

vectors aa', bb', and cc' indicated. These vectors

are the same length and identically oriented so that

u and V are the same for all. When the products of

the densities, p, at the termini are multiphed, only

those for aa' give a nonzero result.
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A and B in succession. The composite transparency

of the two planes is the product

pixy) X p'{x + u, y + v).

The photocell, PC, at the focal point of the lens,

Lz , integrates, and the operations indicated by
Eq. (2) have been completed except for the factor

1/ab. By scanning B over all desired values of u
and V one can get an answer A (uv) for each posi-

tion.

A less obvious but more convenient means for

getting A (uv) for all values of u and v in one ex-

posure is indicated in Fig. 4(a). A pattern, A, on

a film having transparency p{xy) is placed on a

light box covered with a ground glass GG. A sec-

ond pattern, B, on a film of transparency, p'(xy),

at one-half scale is placed on a spacer CR and on a

second spacer of the same dimensions as the first

one, is placed a photographic film or paper, P.

When the light is turned on in the light box, the

function A(uv) of Eq. (2) is photographed on P
directly. Such devices have been described by
Robertson, 27 Philips and McLachlan^s and Meyer-
Eppler and Darius, ^^ while Bragg'''' and Burger^i

showed how to keep the scale factor unity between
A and B by placing a lens over B. A survey of this

field of devices useful in pattern recognition was
published by Minot.^^

The Strong Central Spot on Self-Convolu-
tions. A self-convolution (which is already a

special thing in itself) has an especially interest-

ing spot on it,

duces

^(00)

. Letting u =

- 1. r c
ab Jq Jq

- 1 r f
ah Jq Jq

= in Eq. (1) pro-

p(xy)p(xy)dxdy

Kxy)dxdy.

(3)

.y/

y^/ 1
'\

\ \\\ \V
^n n B

/

.^'/ /^ ' t <
'

>-x

Qz 1

J
^ Q^^

^
Fig. 3. A schematic diagram of an optical mul-

tiplier and integrator.
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-^^^^ P

CR

B

CR

(b)

Fig. 4. A convenient device for performing a con-
volution optically, (a) The lir'.t box provides il-

lumination for the translucent sheet or ground glass

GG upon which rests the film having transparency
p(xy), while the spacers CR support the second film

for p'(xy) and the recording plate P. (b) A sche-

matic representation of samples of optical paths in

(a).

Equation (3) means that every self-convolution

has a spot in the center at w = y = which has a

very high value equal to the integral of the orig-

inal function squared. This fact will be demon-
strated and the uses of it shown in the paragraphs

to follow.

The fact that the integrated value of a convolu-

tion is independent of the similarity of the original

patterns is illustrated in Figs. 5(a) and 5(b). The
pattern, P, in 5(a) is a vertical array of seven

dots, each of integrated value Ip , where p is the

serial number of the dots beginning at the bottom
and Xp2/p is the position of the dots. The pattern

Q has seven dots with serial numbers g, values

Iq , and positions Xqijq . When two patterns P and

Q are convoluted we expect the dots on the con-

volution to have serial numbers pg, values

id positions Xpqiji Vv Vq The
particular patterns shown in Fig. 5(a) have all

spots in P and Q of equal value so that Ip = Ig = I

for all values of p and q. Also the positions of the

spots in P are Xp = 0, and yp = PAij, and in Q,

they are qAx, so that the coordinates of spots in

Xp ^q 7

yp < Vq = (1^^- pM/
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(a)

234 56765432

(b)

(c)

Fig. 5. Suggesting the manner of computing the

intensity of the maxima in the convolution of: (a)

two extremely different patterns, (b) two identical

patterns, and (c) two identical, stylized modifica-

tions of the letter A.

ORIENTATION pixy) ORIENTATION /?' (xy)

ff
laritie

ff

A{uv)dudv

to identify similarities. If we consider

A^{uv)dudv,

we find that the

E/.,

or Fig. 4(a) is 49P while that for Fig. 5(b) is

1 + 4 + 9 + 16 + 25 + 36 + 49 + 36 + 25 + 16 +
9 + 4 + DP = 231P. Knowing that in general

convolutions resulting from pairs of similar func-

tions give final functions having more maxima and
minima than do those from pairs of dissimilar

functions, we need to prove that

II
A-(uv)dudv

varies with the irregularity of the function A (uv).

Let us first deduce the principle from summations.

Taking a series of n numbers (positive, negative,

integers or fractions) which add up to a constant

PATTERSON A(uv)

RADIAL PATTERSON A(r) %—• ^^ " ^

Fig. 6. Showing the manner in which two radial

Patterson maps are identical.

giving the square array of separate dots of equal

value shown on the right-hand side of Fig. 5(a).

The value of each dot in the convolution is P and

there are 49 of them so that the integrated value

of A is 49P.

In contrast to Fig. 5(a) in which dissimilar pat-

terns are convoluted, Fig. 5(b) shows tw^o identical

patterns where yp = Vq = and Xp = Xg = qAx,

and Ip = Iq = I. We expect ypq = - = and

Xpq = Xq - Xq' = (? " q' ) Ax . There are in this ex-

ample many spots falling upon one another in A
;

for example, when q - q' = there are 7 spots

superposed at Xgq' = Ox. The sum of these spots on

Aisl + 2-f3-|-4-f5 + 6 + 7 + 6 + 5 + 4 +
3 -f- 2 + 1 = 49 and the integrated value of A is

491^ as before.

We need a function other than

E «. = A-

we can express the sum as a function of the aver-

age numl)er a^i and the deviation from the average,

AO; = a
J
— f/a,

i=0 .7
=

with

Then

i=o

j=o i=o

0.

na.

+ 2a a V E ^«; + E (^«;)' (4)

i=o

Since (Aaj)^ is always positive, then E (A«;)^ is

monotonic with the magnitude of the deviation

I

Aay |. The treatment of this problem for con-

tinuous functions A(u) starts with a function

having a constant area, k,

f A{u)du = k =
(5)

Uav + AA{u)]du = aAav
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with

AAiu)du =

where Aav is the mean value of A (u) and AA (u) is

the deviation from the mean Aav • Then

/ AKn)du = \ [Aav] + AA{:u)]Hu

(6)

f= aAav2+ / [AA{u)Ydu

Since [AA{u)Y is always positive, then

A^{u)dur
is monotonic with the magnitude of the deviations

I

AA (u)
I

and consequently is a measure of simi-

larity.

Returning to the optical facilities, the function

/•a fb

^0 "^0

A^{uv)dudv

for a picture or a page of print is easily accom-
plished by placing two transparent copies of the

convolution A (uv) in contact and in register, pass-

ing light through them and integrating with a con-

denser lens and a photocell. For practical library

work, the measures

rf A^(uv)dudv

would need to be normalized by dividing by the
area; and also electronic and mechanical aids

would have to be perfected for facilitating speed.

Pattern Recognition as a Function of Posi-
tion and Orientation. Since many of the aspects
of mechanical, optical, and electrical machines for

information retrieval, translation of languages,
and data processing are dependent upon sensing

devices which are capable of recognizing patterns,

much could be gained from having on hand a

mathematical function which expresses the iden-

tity of, or the similarity between, two patterns on
a plane. This similarity function, as we call it,

should recognize any given motif in a planar sea of

other motifs, regardless of (a) the position on the

plane, (b) the orientation, and (c) the size (or

magnification). The similarity function herein de-

scribed fulfills only the first two of the reciuire-

ments and fails on the third.

The proposed method of pattern recognition

leans heavily upon Wiener's correlation function,

which when applied to crystallography is known
as the Patterson^^ function. By imagining a pat-
tern on a page to be repeated periodically in two
dimensions indefinitely (as structures occur in

crystals) edge effects are taken care of. Letting a

pattern on a page be represented by some repeat-

ing property p (such as density, blackness, re-

flectivity, etc.) as a function of position x and y,

then the autocorrelation A (uv) is defined as

A (uv) _ ]_ r [^

ab Jq Jq
>{xy)p(x + w, y + v)dxdy, (7)

where a and b are the outside dimensions of the

single pattern.

In order to use the autocorrelation in pattern

recognition, we must convert it to a radial auto-

correlation function because the first principle

upon which the present reasoning is based is that

a radial autocorrelation A (r) of any pattern

p{xy) is an invariant, independent of the position

and orientation of the initial pattern p{xy). Equa-
tion (7) can be transformed to polar coordinates

r and 6 through the relations x = r cos 6 and

y = r sin d

so that A{uv) = B{rd). By a radial autocorrela-

tion C{r), we mean the "projection" of Bird) on

C(r)
2ir Jn

B{rd)dd. (8)

This function C (r) is a one-dimensional function

and is independent of the position or orientation

of the design or motif comprising the original

pattern p(xy).

Next we wish to introduce the idea of cross-cor-

relating two radial autocorrelation functions. Sup-

pose we have two patterns pixy) and p' (xy) and

that we have used the procedure outlined above

to get their respective radial autocorrelations, Cir)

and C'(r). The cross-correlation of these two one-

dimensional functions is

D(s)
R Jn

C{r)C'{r + s)dr (9)

where R is the maximum radius of the pattern.

The second principle^* of use to our reasoning is

that the integral over the area of the squared

cross-correlation between two radial autocorrela-

tions derived from two patterns pixy) and p' ixy)

varies with the similarity between the original

patterns pixy) and p'ixy). Finally, the similarity

function is

S.
1 r^

is)ds, (10)

the answer being a number which has its greatest

magnitude when p ixy) and p' ixy) are identical and
is smaller as they are dissimilar, regardless of

positioning or orientation.

With modern computers, the above procedures

should be feasible.

Internal Crystal Structure Analyses. What
we mean by internal crystal analysis is easily in-

dicated by an example*: According to Hirs, Moore

* It is admitted that this example is impractical

because the best X-ray data on large organic

molecules are not sufiiciently accurate to be ap-

plied to this method.



INFORMATION THEORY IV 500

and Stein, 35 (1954), bovine pancreatic ribonuclease

contains 126 amino acid residues per molecule. To
add up to 126 residues, there are 17 kinds of amino

acids, 16 aspartic acid residues, 12 glutamic acid

residues, 3 glycine, and so on. If one had the com-

plete X-ray data from a single crystal of ribonu-

clease, could one treat the data in such a manner

as to test for the presence of one of the amino

acids (knowing beforehand the structure of the

amino acid) without doing the structure deter-

mination of the ribonuclease crystal? Internal

crystal structure analysis is testing for a given

atomic configuration without doing the entire

structure analysis.

Recognizing a particular configuration of atoms

(representing a given amino acid residue sus-

pended in a unit cell of ribonuclease) among their

neighbors is really a problem in pattern recogni-

tion, so much studied at present in the new field

of information retrieval. The scheme for recogni-

tion should be independent of position of the resi-

due in the cell and also independent of the orienta-

tion of the residue.

The recognition is aided by the fact that a radial

Patterson distribution function^^ of any pattern is

an invariant regardless of its position or orienta-

tion. In the accompanying illustrations (Fig. 6)

are shown two identical groupings of dots, pixy)

and p'(xy), positioned and oriented differently;

and below are shown the Patterson distributions

A{uv) and A' (uv) or, expressed in polar coor-

dinates, A{rd) and A'ird). At the bottom of the

figure is the radial Patterson distribution

1 r^'^
A{r) = — / A{rd)de

27r J^

which is identical for both patterns. Likewise in

three dimensions the radial Patterson distribution

of aspartic acid (or tyrosine, or any atomic con-

figuration whatsoever) is a nonvarying character-

istic of itself no matter where it is or how it is

oriented. When the radial Patterson distribution

Agir) for any atomic grouping is once obtained,

either graphically or by means of computers, it

may be kept for testing for itself in any future

crystalline compound suspected of containing it.

Next one needs the radial Patterson distribu-

tion function Adr) of the crj^stal being tested.

Fortunately Booth and Wrinch,36 (1949) have laid

the foundation for this procedure in terms of the

X-ray data

Acir) =-ZEEl^(/'H)pV h k I

sin [2Trr/d{hkl)]

27rr/d{hkl)

(11)

Now one needs only to compute the similarity

between the radial Patterson distributions of the

group* Ag(r) and of the crystal Adr). For this we

use the means suggested by McLachlan (1958) , i.e.,

make a cross convolution between A g (r) and Ac(r)

*To maintain the form one can compute the

F(hkl) values for the group.

A(s)
R Jn

Ag{r)Ac(r + s)dr (12)

Finally the similarity function Sigc) is computed

by

1 r^
AKs)ds (13)

Practical Procedure. Suppose one has a crystal

of an organic substance of large molecular weight

and although the crystal structure is unknown,

one knows the structures of many (or all) of the

pieces or groups of which the large molecule is

composed. Intuition tells us that the prior knowl-

edge of the structures of the groups should reduce

the size of the problem that is to be solved; and by

information theory can compute the numerical

magnitude of this reduction. However, means of

incorporating the prior knowledge into our com-

putational procedures have not been well worked

out. The methods of Knott and of Wrinch require

transforms involving known orientations of the

groups. The present suggestion is an attempt to

find something about the arrangement of the

groups without prior knowledge of orientation.

What we get is radial distribution of the positions

of the group sought after if they occur in the

crystal. The method is based on the fact that a

radial Patterson projection of any groups of atoms

is a characteristic of that arrangement independent

of its position or orientation in space and also

upon the fact that a cross correlation between a

structure and one of its parts contains a peak or

maximum for each occurrence of the part in the

original (the peaks in the cross-correlation pattern

being in the same positions as are the groups in the

original strvicture).

Let us also assume that one has computing facil-

ities and programmers available for any computa-

tion desired, and that the structure factors have

I

Fhkl
I

been obtained from the organic crystal.

1. The operation

1 1 ^sm2Trr/dhki
[A{r)]c = - Z Z Z

2Trr/dh
(14)

gives a radial Patterson projection, [A(r)]c of the

crystal and is one-dimensional, symmetrical and

periodic with a linear cell dimension of R, where

R is the greatest diagonal of the unit cell of the

organic crj^stal.

In practice one needs not actually make the

computation indicated by Eq. (14). One uses the

equation only to incorporate the

I

c
I

I

Fhkl
I

values to compute the structure factors of [A (r)]c

of the one-dimensional pattern:

Ac

F
h'

f^ /2Trh'r\
I [Air)l cos i-j-j dr (15)
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2. Now one needs the radial -Patterson projec-

tion, [A(r)]g for the group which is thought to be

in the crystal. For this we must first compute the

I

^
I

I

Fhki
I

values for the group. To do this we assume that

the group of atoms in question is located in an

otherwise empty unit cell of the same size as the

organic crystal cell. Any convenient orientation or

position of the group in the cell is satisfactorj^

Thus positioning the group of known structure in

the hypothetical cell one has a set of positions of

the atoms of the group in the cell from which one

can compute the structure factors of the group,

9

Fhkl ?/'-(-Cf>?>f)) (16)

3 Now one could compute the radial Patterson

projection for the group:

V h k I

Fhki
sin 2irr/dhki

2irr/dhki
(17)

but as before we need only use equation (17) to

incorporate the

g

Fhki

values to compute the structure factors

Ag

Fh'

of the one-dimensional pattern:

Ag

Fh f2 / [A{r)]g cos

'o

(18

4. Equations (15) and (18) are the equations we
need in making a cross correlation 5(r) between

the two radial-Patterson functions [A{r)]c and
[A(r)]3 from the equation:

Bir)

where

1
^

B Ac Ag

Fh' = Fh' Fh'

(19)

(20)

The pattern computed from (22) is a one-di-

mensional symmetrical pattern with some strong

maxima in it. If n is the number of identical groups
in the organic crystal there are K = n {n — 1) I

maxima in the cross correlation (22) and they are

arranged as in a Patterson projection of n
"atoms." If there is only one group of the kind

sought after in the crystal, Eq. (22) produces one

maxima at the origin and only proves that the

group is present. If no such group is present there

will not be a peak at the origin. For other values of

n the maxima are spaced so that their distances

from the origin are (r^ — Vj), i.e., the radial dis-

tances between the groups in the organic crystal.

5. Now if the group only occurs a few times in

the crystal, the one-dimensional pattern can be
deciphered to give the ry values by inspection. But
if the group occurs many times in the crystal this

becomes a problem of deciphering a one-dimen-

sional Patterson and I suggest using the following

subtle procedure:

a) Assume that we have a Patterson projection

along r with Patterson atoms of weight fifj =
/y2 = 1 located at the positions showing as maxima
in the pattern obtained from Eq. (22). The ficti-

tious

\Fh\

values of this Patterson projection are:

2ZZ/./ycos2.^^^^^^^ (23)
R

b. When the

/ |2

Fh

values have been computed from Eq. (23), then
squaring methods, inequalities or any sign-de-

termining scheme can be used to get the signs on
the

Fk

values.

c. The usual one-dimensional Fourier summa-
tion

^> J
J.

p('') = VtYj Fh cos 2Trh -
V h R

because it is known that the Fourier coefficients of

a cross correlation are the products of the cor-

responding coefficients of the patterns being cross-

correlated.

Thus the substitution of Eq. (20) into Eq. (19)

gives

:

B{r) = -T.Fh'Fh'e+^-^^''- (21)
ti h' R

which being symmetrical is equivalent to

B(r) = I E n. fI cos ?^R h' R
(22)

finds the ri values desired.

6. This procedure is repeated for each kind of

group suspected to be present.

There are several features of this problem that

one might expect to be of interest.

a) For unit cells that are long in one direction,

the radial location of groups approaches the real

location.

b) There are expected to be minor peaks in the

projection of Eq. (9) resulting when some of the

groups in the structure are similar to but not

identical to the one sought after, and the height

of these minor peaks increases with the similaritj'.

Dan McLachlan, Jr.
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INTEGRATED INTENSITY METHOD IN QUANTITATIVE

ANALYSIS. See Austenite Retained in Hardened Steels.

INTENSIFICATION OF X-RAY IMAGES BY ELECTRONIC

MEANS

I. General Principles*

Scope. In many applications of X-rays, the ob-

ject to be studied is placed between a source of

X-rays and a fluorescent screen or photographic

film. Among these applications are industrial and

medical radiography and fluoroscopy, contact and

projection microradiography, and diffraction. The

X-rays passing through or scattered by the sample

* The first of six articles on Intensification of

Images, each distinct but all continuously devel-

oped and closely related. The alphabetically ar-

ranged Bibliography covering all 5 articles of text

is listed in VI. Articles in order are: I. General

Principles; II. Electron-optic Intensifiers :
III. Me-

chano-Electronic and Flying-spot Intensifiers; IV.

Television Svstems and Pickup Tubes; V. Intensi-

fication of X-Ray Diffraction Images; VI. Compre-

hensive Bibliography.



503 INTENSIFICATION OF IMAGES I

produce light photons in the fluorescent screen or

silver grains in the developed film. The meaning of

the term intensification as applied in this chapter

to such systems is shown in Fig. I-l. In Fig. I-IA

two X-ray beams are shown, one directed on a

fluorescent screen where it produces nr light pho-

tons per square millimeter per second, the other

directed on a photographic film where it produces

7is silver grains per square millimeter per second.

An intensifier is any device which, when placed

in the system as shown in Fig. I-IB, increases the

numbers of light photons or silver grains produced

per square millimeter per second. The intensifier

need not be "electronic;" radiographic intensifier

screens, for example, are not electronic in the usual

sense of the word. However, the scope of this chap-

ter is restricted to intensifiers that are electronic,

but excludes solid-state intensifiers, which are con-

sidered in a separate section of this encyclopedia.

Table I-l gives some of the quantitative aspects

of X-ray intensification. The numbers of photons
involved at various stages are given for a favor-

able, average, and unfavorable example of medical

fluoroscopy, for a typical example of industrial

fluoroscopy, and for strong, average, and weak
diffraction beams. The table also gives the degree

of intensification required to equal radiographic

film viewing at an average brightness of 30 mL
(millilamberts). 30 mL represents comfortable
viewing, but useful viewing is possible at lower

light levels and increased photographic speed at

even lower levels.

Intensification and Human Vision. Active in-

terest in fluoroscopic screen intensification began
in 1942 with Chamberlain's classic Carmen lec-

ture .^^ Chamberlain cited the following two facts,

both of which appear to indicate that increased

screen brightness would enhance image clarity: (1)

The human eye at fluoroscopic light levels (10'^ to
10"* mL) has visual acuity, i.e., ability to perceive

detail, of only a small fraction of that at normal
light levels (10 to 100 mL), a fact discovered
earlier by Hecht;^'^*' and (2) radiographs made
with fluorescent screens in contact with X-ray
film and viewed at 30 mL show much more detail

than the same screens viewed fluoroscopically.

The information available from a fluorescent

screen cannot exceed that carried by the incident

X-photons (although it can be much less), and is

limited by statistical fluctuations in these incident

X-photons, that is, by noise. Each stage of an
image system contributes to the noise in the final

image. However, if the number of useful quanta
at some one stage in the system is substantially

smaller than the number at any other stage, that
stage limits the signal-to-noise ratio for the whole
system. When the number of quanta is small, the
random statistical fluctuations determine the de-
gree of resolution attainable. When a picture de-
tail does not differ greatly in contrast from the
surrounding area, these fluctuations may render
it indistinguishable. It has been shown^^^ that for

a detail to be perceptible, it is necessary that the
contrast between it and its surroundings be three
to five times the magnitude of the relative fluctua-
tions.

GHT PHOTONS:
2

Fig. I-l. Meaning of X-ray intensification.

However, it does not necessarily follow that an
improvement in picture clarity will surely result

from an increase in brightness of the fluoroscopic

screen. Statistical fluctuations of the type just de-

scribed also limit any device placed in the system

to increase the brightness. Therefore, even if the

system is made brighter by pure intensification,

that is, without increasing the number of incident

X-photons, no more information is provided by
the screen. He::ce, no improvement in screen

clarity is to be expected, and the only benefit

realized is greater viewing comfort.

Now there is a circumstance under which this

reasoning does not apply, and that is if in con-

ventional fluoroscopy the eye does not utilize

with 100 per cent efficiency the information carried

by the X-photons to the fluorescent screen. 100

per cent quantum efficiency is the condition such

that each X-photon incident on the fluoroscope

causes at least one retinal stimulus in the viewer's

eye. Many workers have found that fluoroscopes

do indeed function at low quantum efficiency. For

example, Tol, Oosterkamp, and Proper^^^ cite the

following figures. In typical conventional fluoros-

copy, only one perceptible retinal stimulus occurs

for every 30 X-photons absorbed in the screen;

with intensification three stimuli occur for each

absorbed photon. In photofluorography without in-

tensification, one developed silver grain results

from 70 X-photons absorbed in the fluorescent

screen; with intensification, 10 to 20 grains result

from each absorbed photon. Consequently, im-

proved image quality is to be expected from in-

tensification, as well as greater viewing comfort.

The relationship between the visual process of

the human eye and the limiting resolution, con-

trast, and signal-to-noise ratio in fluoroscopes and

in electronic picture systems has been discussed in

detail bv Coltman at Westinghourse ;"' "• ^'" Rose

at RCAV*'- ^'-^ Sturm and Morgan at Johns Hop-
kins University and Hospital ;'°' Tol. Oosterkamp,

and their colleagues at Philips
;'°' ''• "'"' and by

others.'^-'

Approaches to Fluoroscopic Screen Brighten-

ing. There are four ways in which fluoroscopic

screen brightening might be effected.
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Table I-l. Numbers of Quanta Involved in Medical, Industrial and Diffraction

Fluoroscopy.

Parameter

Reference

Excitation

Target-to-screen distance (fluoros-

copy) or crystal-to-screen distance

(diffraction)

Intensity of fluoroscopic screen with-

out patient or object in X-ray beam

X-photons leaving X-ray tube

through solid angle intercepting 1

mm2 at fluoroscopic screen*

X-photons leaving crystal in diffrac-

tion beam intercepting 1 mm2 at

fluoroscopic screen

X-photons leaving patient or object

X-photons usefully absorbed in fluo-

roscopic screen

Light photons produced in fluoro-

scopic screen

Brightness of fluoroscopic screen

Light photons entering pupil of eyet

Retinal efficiency at screen brightness

above

Light photons reaching and stimu-

lating retina

Intensification required to equal film

viewing over 30-mL view box

Unit

Medical Fluoroscopy

Chest «— ibS'-Abdom-

Industrial
Fluoroscopy

kv
ma
cm

%
sec"'

%
mni"2 sec"!

per X-photon

mm~2 see"!

mL
sec"'

%

sec"'

0.2-sec-iI

X

0.088

5 X 106

10

5 X 10^

68

3.5 X 105

5000

1.7 X 105

-0.02

5 X 10

1.5

108

70

5

70

inal

108

70

5

70

0.088

5X 10'

1

5 X 10^

55

2.5 X 10^

5000

1.3 X 108

—10-3

3.5 X 10^

3.0

Diffraction

Strong
Mono-

chromatic
Beam
from
Single
Crystal

7.5 X 103 1.0 X 103

1.5 X 103 0.2 X 103

1500 3 X 10-

0.088

5 X 10

0.1

5 X 103

51

2.5 X 103

5000

1.2 X 10'

~io-^

3 X 103

5.0

1.5 X 102

0.3 X 102

3 X 105

2.0

1 X 105

Strong
Laue
Beam

Weak
Laue
Beam

6 X 10'

50

3 X 107

5000

1.5 X 10"

-1
4.5 X 10"

3.1

1.4 X 106

2.8 X 105

30

1 X 10«

50

5 X 105

1000

5 X 10«

0.005

1.5 X 105

5.0

7.5 X 103

1.5 X 103

6000

1 X 10^

50

5 X 103

1000

5 X 106

5 X 10-5

1500

5.0

75

15

6 X 105

100

50

50

1000

5 X 10^

5 X 10-'

15

5.0

0.75

( r sec-') (2.083 X 10^ ion pairs cm-3 r-')(32.5 volt ion-pair ')(10 2 cn^2 mm^)
* No. of X-photons =

(M/p)air (X-ray tube potential, kv)

t Fraction of photons entering pupil = d'^/iD^.

d is pupil diameter (0.7-0.76 cm for fluoroscopic screen brightness).

D is viewing distance (~20 cm).

t 0.2 sec is the storage or integration time of the human eye.

1. Optical devices can be used in two waj^s: (1)

to collect and deliver to the eye more light than

the unaided eye can collect, and (2) to reduce the

image area, thereby increasing the brightness by a

factor equal to the reduction. With practical op-

tical devices, such measures can effect intensifica-

tions of not more than the order of 100.

2. More efficient fluorescent screens^"—In medical

fluoroscopy, there is not enough energy in the

X-ray beam emerging from the patient to form an

adequately bright picture, even if all the energy

were usefully absorbed and converted to hght of

wavelength to which the eye has maximum sensi-

tivity. A good fluoroscopic screen, such as the

Patterson Type B2, typically has --50 per cent

absorption efficiency and --20 per cent conversion

efficiency; it emits light of average wavelength

540 mfi, for which the eye has ^^95 per cent of the

sensitivity it has at the wavelength of maximum

response, 555 mfx. Thus a "perfect" screen would

have 2 X 5 X 1.05, or a little more than 10 times

the brightness of present screens.

3. Increased excitation—In medical fluoroscopy,

X-ray intensities are already at or near the pa-

tient's tolerance level and may not be increased

without danger of injury. Although industrial

fluoroscopy is not subject to this hmitation, in-

creased excitation causes serious health physics

problems, and decreased screen response .«' Never-

theless, high-intensity excitation is often practical

for small increases in brightness. Two other articles

of this encyclopedia deal with high-intensity X-ray

tubes. See 'Tubes, X-Ray," and "Tubes, X-Ray,

with Field Emission Cathodes for Flash Radiog-

raphy."
.

. ,

4. Intensification by electronic means is tne

fourth alternative and constitutes the subject of

these five articles and bibHography.

Types of Intensifier. The X-ray intensifiers

that have been demonstrated successfully may be

classified in five groups of two major types as

follows

:

I. Non-signal-producing systems

a) Simple electron-optical systems—The X-ra-
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diation or its fluorescent image is intercepted

by a device which combines in a single en-

velope both the pick-up and reproduction

functions of an electronic picture system.

The picture is transduced, amplified, and re-

produced as a whole.

b) Solid-state intensifiers—Another section of

this encyclopedia deals with these devices, and

they will not be considered here.

2. Signal-producing systems

a) Mechanical scanning systems—The X-radia-

tion, or its fluorescent image, is intercepted

by some type of scanning device where it is

disassembled or scanned mechanically, ac-

cording to a predetermined systematic se-

quence, into a number of picture elements.

These are permitted to pass in sequence to a

detector where they are converted to elec-

trical impulses which are amplified and sent

to a picture tube. Here they are reassembled

and converted to light energy, thereby repro-

ducing the picture.

b) Flying-spot systems—The X-ray beam itself

is made to scan over the area of interest on
the object to be inspected. The X-radiation

transmitted by the object is intercepted by a

detector the output of which is utilized in the

same way as in the mechanical system just

described.

c) Storage type television systems—The X-ra-
diation, or its fluorescent image, is intercepted

by an electronic picture pick-up device where
it is scanned electronically. The resulting

signal is applied to a cathode-ray picture

tube where the image is reproduced.

The electron-optic, solid state, mechanical scan-

ning, and flying-spot intensifiers may be used in

either of two modes: (1) direct X-ray pickup, in

which the X-radiation impinges on an X-ray sensi-

tive intensifier tube or detector; or (2) indirect

pickup, in which the X-radiation is first converted
to light in a fluorescent screen, and the fluorescent

image is received by the intensifier tube or detec-

tor.

The storage type television intensifiers may be
used in any of three modes: (1) The X-rays may
be converted to light in a fluorescent screen ex-

ternal to the pick-up tube; the fluorescent image
is focused optically on the photosensitive element
of the pick-up tube. (2) The X-rays may be con-

verted to light in a fluorescent screen inside the

pick-up tube and in very close contact with the

photosensitive element. (3) The X-rays may be
intercepted by an X-ray sensitive photoconductive

element in the pick-up tube.

Several symposiums have been held on image
intensification in generaP' "®' "® and on X-ray
image intensification."- *^' ^ The subject of X-ray
intensification has been reviewed from time to

time *' ®' ^^' ^^' ^' ^' *®' ^^' ^^' ^'^' ''^' ^^' '^°^' ''^°®' '^^'^

Electronic Fluoroscopic Screen Intensifica-

tion. The Need for Fluoroscopic Screen Intensi-

fication, Probably the greatest incentive to the de-

velopment of X-ray image intensifiers arose from

the many disadvantages of conventional medical

fluoroscopy.''" The most serious of these are the

following.

1. The observer must "dark-rest" his eyes for 10

to 40 minutes, and it is necessary to work in a

dark room.
2. Visual acuity is poor at fluoroscopic light

levels (10~- to 10"* mL) which lie almost entirely

in the range of the scotopic eye (rod vision); the

threshold of the photopic eye (cone vision) is 10"^

mL.
3. Some light is lost by absorption in the X-ray

barrier window through which the fluoroscope is

viewed; this loss is increased by discoloration of

the window on prolonged use and, in some types of

window, by image retention.

4. Back scatter of X-rays from the barrier win-

dow increases image background and impairs con-

trast.

5. At higher X-ray tube potentials, health

physics problems increase, and the observer must
view the fluoroscope through a mirror system with

consequent further loss of visual acuity.

6. Also at higher X-ray tube potentials, fluores-

cent screen response decreases.

The advantages to medical fluoroscopy resulting

from intensification are the following.

1. There is no need for dark adaptation of the

eye.

2. It is possible to work in a room with normal

or, at worst, subdued illumination.

3. Visual acuity is improved.

4. Because the radiologist can see more, new
types of fluoroscopic examination are possible for

which the detail without intensification is inade-

quate.

5. In photofluorography, the increased brightness

permits use of finer-grain (slower) photographic

film without increase of exposure time, thereby

improving photofluorographic detail.^"

6. Cinefluorography^^ and stereofluorography are

practical.

7. Fluoroscopic brightness equal to that in con-

ventional fluoroscopy is possible with reduced ex-

posure of the patient; thus radiological medical re-

search on humans becomes feasible.

8. Fluoroscopic brightness equal to that in con-

ventional fluoroscopy is possible with X-ray tubes

having smaller focal spots or with increased target-

to-screen distances; thus higher resolution can be
realized.

9. Fluoroscopic brightness equal to that in con-

ventional fluoroscopy is possible with lower X-ray
tube operating potential; thus higher contrast can

be realized.

10. In X-ray therapy, an intensifier can be used

to ascertain that the X-ray dose is being delivered

to precisely the correct area of the patient's anat-

omy .^^

Additional advantages are realized by use of

signal-producing intensifiers, particularly those

with storage type television pick-up tubes:

1. There may be any number of viewing stations,

and these may be remote from the pick-up loca-

tion, even in other cities. Lecture demonstrations
and consultations with other doctors are feasible.
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2. The picture size may be adjusted to_ any rea-

sonable convenient dimensions; projection kine-

scopes are applicable.

3. In some systems, the area of the observed field

can be changed at will.

4. Contrast can be enhanced by pulse-height

discrimination and other electronic means .^'' ^^

5. Electronic storage devices can be used to in-

tegrate the image over a period of time.

Industrial fluoroscopy benefits from most of the

advantages just cited for medical fluoroscopy, and

from several others as follows.

1. Direct-view flash fluoroscopy, and flash

fluorography are practical.""

2. Flash fluoroscopy and fluorography of

transient events can be effected by pulsed opera-

tion of the intensifier tube, rather than the X-ray

tube.

3. Remote location of the viewer eliminates

many health physics problems that arise with the

high excitation conditions permissible in industrial

fluoroscopy.

4. Automatic electronic selection and/or rejec-

tion is possible by use of absorption negati\-es and

by other techniciues.*^'
"

Eugene P. Bertin

INTENSIFICATION OF X-RAY IMAGES BY ELECTRONIC

MEANS

II. The Electron-Optic Image Intensifier* (See

also Image Converter Tubes, p. 476.)

Construction and Operation. Figure II-l shows

a typical electron-optic intensifier, the Westing-

house Fluorex intensifier built by Coltman and his

associates at the Westinghouse Research Labora-

tories."'-
''•''• '°' ''• ''"' Heart of the system is an

electron tube, known variously as an image photo-

tube, image converter, image tube, or image-

intensifier tube, which combines in the same en-

velope both the pick-up and reproducing functions

of the picture system. Two such intensifier tubes

are shown in Figs. II-2 and II-3.

In conventional medical fluoroscopy, X-radia-

tion passing through the patient undergoes differ-

ential absorption and is intercepted by a fluoro-

scope where it excites the familiar fluoroscopic

image of the patient's anatom5^ This image is

examined directly under dark-adapted conditions.

In the Westinghouse intensifier (Fig. II-2A) the

differentially absorbed X-rays pass through the

glass envelope of the "Fluorex" tube and fall on

the input screen a. They pass through the thin

aluminum support plate al and strike the fluores-

cent layer ft. The fluorescent image thus estab-

lished in turn excites photoemission from the

photoemissive layer pc, thereby initiating an elec-

tron image in which the photoelectron density dis-

tribution corresponds to the brightness distribution

over the fluorescent layer, which in turn corre-

*The second of six related articles; references

are listed in comprehensive bibhography in VI.

sponds to the variation in X-ray transparency over

the examined area of the patient's anatomy.

Layer cl is a transparent electrically conductive

coating, such as "X'esa," and serves to maintain

the photoemissive layer at uniform negative po-

tential.

Apphcation of suitable potentials from the 30-kv

power supply to the five cylindrical metal elec-

trodes and to the concave aluminum support plate

resuhs in the estabhshment of a series of five elec-

tron lenses. By means of this electron-optic sys-

tem, the electron image established over the

photosensitive layer is accelerated toward the

viewing screen h at the other end of the tube, re-

duced in diameter by a factor of 5, and focused

upon the fluorescent viewing screen fl. Here the

accelerated incident electrons excite a fluorescent

image some 1000 times brighter than could have

been attained by direct fluoroscopy, 40 times from

the acceleration imparted to the electrons by the

high applied potential, 25 from the 5-fold reduc-

tion in diameter. This image is enlarged to its

original size without loss m brightness by a suit-

able 5-diameter optical magnifier.

The thin evaporated aluminum film al on the

viewing screen maintains the output screen at uni-

form positive potential and reflects light emitted

toward the input screen back toward the viewed

end of the tube. This reflection increases the

brightness and prevents light from the output

screen from exciting photoemission from the

photocathode.

The intensified image on the viewing screen may

be utilized in any of four ways: (1) direct view-

ing through an optical magnifier;- (2) photography

with a photographic-film or Polaroid-Land cam-

era;^' "° (3) cinephotography; or (4) optical cou-

pling to a closed-circuit television chain having an

image orthicon or vidicon pick-up tube ; this mode

of viewing gives the electron-optic intensifier some

of the features of a signal-producing system and

removes some of the dasadvantages of the purely

electron-optic intensifier.

The X-ray image intensifier tubes available

commercially from U. S. manufacturers are listed,

with some technical information about each, in

Table II-l. Complete equipments for medical and

industrial electron-optic intensifier fluoroscopy and

fluorography are available commerically from

Philips, Picker (using Rauland intensifier tubes),

and Westinghouse. The equipments are available

with or without closed-circuit television systems.

Performance and Applications. The resolution,

contrast sensitivity, and intensification gain over

conventional screens are given in Table II-l.

Penetrameter sensitivities of 2 to 4 per cent for

1/2 to 1 inch of aluminum and for % inch of steel

have been reported;* conventional fluoroscopy

gives only 8 per cent sensitivity for Vs inch of

steel. Various industriaP-
*- ^^' ^^- ^^' ^"^ and medi-

cal"' ^^- *^' ^°' ^°' ""' ^°'^ appHcations of the electron-

optic intensifier have been described. Criscuolo,

Dyer and Youshaw"'- '^° present sensitivity loops

and constant brightness curves for the standard

Philips intensifier for to 4 inches of aluminum at

to 100 kv for 1- and 0.3-mm focal spots.
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PATIENT

VIEWER

Fig. II-l. Electron-optic image intensifier system.

al fl cl pc al fl gl

r^^i
'CED'

Fig. II-2. Construction of electron-optic image
intensifier tubes by Westinghouse (A) and Philips
(B).

a. Input screen: al—Aluminum support plate;
fl—Fluorescent layer; cl—Transparent electrically
conducting layer; pc—Photoemissive cathode

b. Viewing screen: al—Thin evaporated alumi-
num film; fl—Fluorescent screen; gl—Glass end
plate

c. Optical lens

d. Principal electron lens

e. Electrically conducting wall coating
f. Weak electron lens

Advantages and Disadvantages. The advan-
tages of the electron-optic intensifier include its

(1) simphcity; (2) low cost; (3) improved
penetrameter sensitivity; and (4) ability to in-

crease the quantum efficiency of the fluoroscopic

process to nearly 100 per cent, that is, to the point
where the viewer experiences at least one retinal

stimulus for each X-photon incident on the input
screen.

The disadvantages include the following:
1. The X-rays must pass through the glass win-

dow of the intensifier tube which, since it must
withstand atmospheric pressure, must be thicker
the larger the diameter of the input screen.

2. The field size and intensification are relativelv

small compared with those of some other intensi-

fiers to be described below.

3. The contrast sensitivity represents little if any
improvement over conventional fluoroscopy.

4. A high-potential power supply is required.

5. There can be only one viewing station, and
pick-up and viewing locations cannot be separated

;

the proximity of input and viewing locations can

result in some degree of health hazard to the ob-

server.

6. It is necessary to view the output screen

through an optical magnifier; this becomes tire-

some after a time.

7. In industrial applications, the intensifier is not

suitable for thin sections of light metals because

of the inherent filtration of the glass envelope.

8. In medical applications, the necessity to view

the output screen through an optical magnifier

restricts the radiologist's movement, and makes it

inconvenient for him to manipulate the patient or

to use instruments while observing.

9. Because the output screen is viewed through

a 25-area optical magnifier, small blemishes on the

viewing screen may be enlarged to a point where
they may be interpreted as defects in the object

being examined.

10. The five advantages cited above for signal-

producing systems are lacking.

Regardless of this rather imposing list of dis-

advantages, the electron-optic intensifier has found
wide application. In fact, there are probably more
intensifiers of this type in medical and industrial

use than of all other types combined. Moreover,
use of a television system in conjunction with the

electron-optic intensifier eliminates the fifth, sixth,

and eighth of the disadvantages listed above and
provides some of the advantages of signal-produc-

ing systems, at least to a certain extent.

Variations. Rauland provides a gamma ra.v in-

tensifier similar to the X-ray intensifier, but having

a lead film between the aluminum support plate

and the fluorescent input screen. The gamma rays

excite photoelectron emission from the lead, and
the photoelectrons excite the fluorescent laj'er

which in turn excites the photocathode. The func-

tion of the lead film is similar to that of lead radio-

graphic intensifier screens.

Goetze and Tavlor"^ at Westinghouse have built
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Fig. II-3. Electron-optic image intensifier tubes

A. Westinghouse (cutaway view) {Courtesty of Westinghouse Electric Corp. and Radwl-

^^B. Philips (Courtesy of Philips Electronic Instruments, Inc.)

Table II-l. Commercial X-ray Image-Intensifier Tubes

Manu- Type
Trade
Name

Effec-
tive

Input
Screen
Diam-
eter,

inch

Effec-
tive

View-
ing

Screen
Diam-
eter,

inch

Elec-
tron-
Optic
Reduc-
tion in

Image
Diam-
eter,

X

Operating
Potential,

kv

Over-all
Bright-
ness

Intensifi-

cation*,

X

Resolution Con-
trast

Sensi-
tivity

%

References

facturer
Central

line pair/

inch

Peripheral
line pair/

inch

Machlettf ML-9411 Dyna- 6.3 0.8 8 24-27 3000 40 ^4
[ 63, 125

" ML-9421

scope

Dyna- 9 1 9 24-27 3000 40 ^4

Philips

scope

Stand- 5 0.6 9.5 ^1000 ^30 ^20
2, 3, 88, 109-11

Rauland R-6175A

R-6175B

ard

Super 9

8.6

8.6

0.85

1.13

1.13

11

7.5

7.5

25

37 max.

37 max.

^ 3000

^2000

^3000

^75
>35-mesh

screen

^30-mesh
screen

^50
> 28-mesh

screen

^ 28-mesh

screen

2

2

Manufacturer's

• data sheets &
81

RCA
R-62061

C73460

8.6

10

1.13

1

7.5

10

37 max.

25 max.

>3000
2000-5000 40 20 Manufacturer's

data sheets

Westing- WL-5997 Fluorex 5 1 5 30 1000
12,60

house

ii - .„„ ^Ic-tonnP

'^ xvauo oi tne origntuesa ui tiic vicwiug ov/ix^^w ^^ -" o

from the X-ray tube as the input screen of the intensifier tube,

t Under license of Compagnie francaise Thomson-Houston. 3i

t For 1-2 Mev X- & 7 radiation.

or proposed intensifier tubes with fiber optic win-

dows, and with a second stage consisting of a trans-

mission secondary electron multipher intensifier.

These devices are shown in Fig. V-6 and described

in the article on intensification of diffraction

images below (No. V in this series). Potter and

Hopkins^^ have discussed the applications of fiber

optics to image-intensifier systems.

In principle, a number of intensifier stages ar-

ranged in series give an over-all gain equal to the

product of the gains of the individual stages.
°'

Workers at RCA"'- '*• '°' have developed all-electro-

static 2-stage and 3-stage light intensifiers, shown

in Fig. II-4, having gains of, respectively, 1250 and

10*. A 3-stage electromagnetically focused tube has

also been built ; this tube has much better periph-

eral resolution than the electrostatically focused

tubes These tubes, particularly the electromag-

netically focused one, can be optically coupled to

fluoroscopic screens. In fact, Thun has applied the

2-stage tube to diffraction intensifier fluorography,

as described below. The RCA 3-stage X-ray in-

tensifier shown in Fig. II-5 gives an intensification

of 14,000 relative to a conventional fluorescent

screen. The 5-inch input screen of the 3-stage

X-ray intensifier is similar to the input screens of

X-ray intensifier tubes. The intermediate screens

of all these multistage tubes consist of the fluores-

cent output screen of the earlier stage and the

photocathode of the later stage deposited on op-

posite sides of a glass diaphragm 0.0003 to 0.003

inch thick. The output screens are similar to the

output screen of the X-ray intensifier tubes.

Eugene P. Bertin



PHOTOCATHODE

GRID

ANODE

screen-photocathode
"sandwich",
glass support
0.0003" THICK

SCREEN

FIBER OPTiCS-l"DIA.

GRID

ANODE

SCREEN-PHOTOCATHODE
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#

Fig. II-4. RCA 2-stage (A) and 3-stage (B, C) light image intensifier tubes.
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28

VIEWING PHOSPHOR i

X-RAY PHOSPHOR CHARCOAL TRAP INTENSIFYING SCREEN

A

Fig. II-5. RCA 3-stage direct-view X-ray image intensifier tube.

INTENSIFICATION OF X-RAY IMAGES BY ELECTRONIC

MEANS

III. Mechano-Electronic and Flying-Spot

Intensifiers''

Intensifiers Having Mechanical Scanning. Cer-

tain advantages in withdrawing the picture signal

from the detector have ah'eady been cited. A
simple, though crude, signal-producing intensifier

can be made by mechanically scanning the radia-

tion pattern to be inspected.

Figure III-l shows an apparatus having a^ me-

chanical scanner and a multiplier phototube X-ray

scintillator detector. A cross section of the solid

angle traversed by the X-radiation transmitted by

the patient is scanned by a rotating scanning disk

having apertures drilled spirally as shown.

Consider the scanning disk to be in the position

shown in Fig. III-l with the outermost aperture at

the left edge of the scanned area. As the disk ro-

tates, this aperture traverses the top of the scanned

area, allowing X-rays in that region to pass

through. At any instant, the number of X-photons

passing through the aperture is the number trans-

mitted by the patient through the incremental

solid angle subtended at the X-ray tube target by

the aperture. In this way, the first aperture scans

the first (top) line of the image. The X-radiation

passing through the aperture at any instant falls

* The third of six related articles ; references are

listed in comprehensive bibhography in VI.

upon the scintillation phosphor, exciting lumines-

cence which, in turn, excites the multipher photo-

tube. As the first aperture leaves the frame, the

second enters and proceeds to scan the second line,

and so on until each aperture has crossed the pat-

tern. Thereupon, the whole process is repeated.

Thus, the pattern is scanned once each revolution

of the disk.

The amplified output of the multiplier phototube

controls the instantaneous intensity of the electron

SCANNING
DISC

Fig. III-l. Scanning disk intensifier system.
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SCANNING &iiky

X-RAY TUBE L^
X-RAY WINDOW (IJT

PATIENT

SINGLE-CRYSTAL
PHOSPHOR

PICTURE
TUBE

1

A

C

^

VIDEO
AMPLIFIER

f

HOR. a VERT
DEFLECTION
GENERATORS

HIGH POTENTIAL
POWER SUPPLY

Fig. III-2. Flying-spot intensifier system.

Fig. III-3. Scanning X-ray tube. (The somewhat
distorted appearance of the target is caused by
ridges in the glass envelope.) (Courtesy of Dr.
Robert J. Moon and Am. J. Roentgenol. Radium
Therapy Nuclear Med.)
Target—7 x 4 x 0.001 inch tantalum foil

Window—Glass "bubble" window (at end of neck
at right)

Target-to-window distance—30 cm
Target-to-gun distance—48 cm
Operating conditions—60 kv, 5 ma

beam in the cathode-ray picture tube in the usual
manner. The horizontal deflection of this tube
must be synchronized with the time required for an
aperture to traverse the scanned area. The vertical

sweep must be synchronized with the rotation of

the disk.

Morgan" reports building a scanning-disk in-

tensifier, but gives no data on its performance.
The system is of largely academic interest.

Ma^meord, Evans and Newberry™' ^^ describe a
system having a slow mechanical scanner in which
the detector, mounted behind an aperture in a
radiation shield, is scanned over the radiation
image in a sequence of parallel lines. The detector
output is integrated and stored in an electronic
storage tube from which a video signal is with-
drawn and displayed on a cathode-ray picture tube.
Meneely and Jones'^* describe a similar svstem us-

ing a novel spinning-ball scanner having three

equally spaced equatorial holes. Both these sys-

tems have been applied to fluoroscopy and fluorog-

raphy of gamma radiation from patients treated

with radioactive isotopes.

The Flying-Spot Intensifier. Construction and
Operation. Fig. III-2 shows the intensifier built by
Moon at the University of Chicago .*°' *' '=-" The
outstanding feature of the system is the scanning
X-ray tube, one type of which is shown in Fig. III-3.

In Fig. III-2, the electron beam in the scanning

X-ray tube is produced by an electron gun of the

type employed in cathode-ray tubes. By means of

deflection coils and external deflection generators,

the electron beam is made to scan over a rectangu-

lar metal foil target in a pattern as shown in the

figure, carrying with it the point of origin of the

X-rays. The tube is housed in a lead shield pro-

vided with an aperture which serves as the virtual

point source of a fine X-ray beam. This X-ray
beam scans over the desired region of the patient's

body, from which the transmitted beam emerges,

scanning over the fluorescent phosphor. The in-

stantaneous brightness of the fluorescence thus

excited is determined by the X-ray transparency
of the particular part of the patient's anatomy
scanned at the time, and in turn determines the

magnitude of the instantaneous output of the mul-
tiplier phototube. The photocurrent, after ampli-
fication, regulates the instantaneous intensity of a

second electron beam in the cathode-ray picture

tube. This beam scans the fluorescent viewing
screen in synchronism with the electron beam in

the scanning X-ray tube, and hence traces out the

fluoroscopic image. The electron beams in both

tubes are deflected by the same deflection genera-

tors.

The scanning X-ray tube originally used by
Moon was built by the Rauland Corp. and is shown
and described briefl.v in Fig. III-3. The X-ray in-

tensity actually realized in such a tube is only

about one-sixth as great as might be expected

from a conventional tube operating at the same
conditions, for two reasons: (1) The angle (----ISO")

at the target between the X-ray beam actually

utilized and the scanning electron beam is ex-
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Parameter

Scanning X-ray tube

Atomic number of target

Target potential

Current

Average effective energy of X-ray

photons

Aperture

Area

Distance from target

Patient

Thickness

X-ray absorption coefficient

Area of picture element

Duration of picture element

Scanning frame frequency

Phosphor

Efficiency

Energy of fluorescent light photons

Multiplier phototube

Geometric efficiency of photon col-

lection

Photocathode efficiency

Number of dynodes

Secondary emission ratio of dynodes

Symbol
and Unit

Z
V, volt

i, amp
Veff , volt

A, cm2

D, cm

X, cm

H, cm" 1

mm2
t, sec

/, frame/sec

Ef
vf , volt

Eg

Epc

Typical Value

74 (for W)
105 (100 kv)

0.1 (100 ma)

7 X 104 (70 kv)

0.0025 (0.25 mm2)

30

25

0.16

1

2.5 X 10-« (2.5Msec)

20

1 (100%)

4

-0.5 (50%)

-0.02 (2%)

Equation for Calculation of Number of

Information Carriers

Typical Value
(Calculated

from Values in

Column 3)

No. of electrons striking target:

rie = (i')(6.25 X lO'S) sec"!

No. of X-photons of effective energy

Veff generated at target:

nt = rie (1.4 X 10-9 Zy)(r/reff) sec"!

No. of X-photons passing through

aperture

:

na = ntiA/iwD^) sec-i

No. of X-photons passing through

patient

:

rip = nae~^^ sec'i

No. of X-photons per picture element:

Hpic = riptf

No. of fluorescent light photons pro-

duced in phosphor:

71/ = npic(Vii{{/vf) Ef sec-'

No. of photoelectrons produced at

photocathode:

ripe = n/EgF.pc sec-'

No. of secondary electrons arriving at

collector:

ric = Jipy sec-i

6.25 X 10"

9 X 1015

2 X

3.7 X 10'

1.85 X 103

3.2 X 10'

3.2 X 105

8.3 X 10'

Over-all equation n = (i)(6.25 X 1018) (1.4 X IT^Zv) {v/veH) U/iTrD^)ie-^^^) (if) (veU/vf) EfEgEp:cr"' e\ectrons/seco'Dd at the collector.

tremely unfavorable. (2) The utilized X-radiation

must traverse the thickness of the foil target.

Moon later built an improved tube having a water-

cooled tungsten target rated at 125 kv, 100 ma, and

having X-ray take-off from the same side of the

target as is scanned by the electron beam.

The aperture in the lead shield primarly deter-

mines the resolution of the system. Apertures of

diameter 0.15 to 0.5 mm are used for macro work

and apertures as small as 0.012 mm for micro work.

After trying many types of scintillation phos-

phor. Moon used a large, clear single crystal of

fluorite (CaFa) in the form of a truncated cone 6

cm high and 14 cm in diameter at the large end,

tapering down to 2.5 cm at the small end, which is

placed in contact with the multiplier phototube

window. Such fluorite phosphors are highly satis-

factory with respect to shortness of persistence,

transparency to their own fluorescent radiation,

and performance with low as well as high-energy

X-radiation. However, their efficiency in conver-

sion of X-ray to fluorescent energy is not as great

as desired.

The picture tube is a 10-inch television type

having a P4 phosphor, although graininess of the

images obtained is somewhat reduced by using a

tube having a long-persistence phosphor, such as

P7.

Greatorex^° in England has also built a flymg-

spot intensifier. The X-ray tube is of the type

shown in Fig. III-3 and has a 7 X 7 X 0.0005 inch

platinum foil target rated at 100 kv (constant po-

tential) and 5 ma, and a "Pyrex" envelope 3 mm
thick. A plastic phosphor 15 cm in diameter and

5 cm thick is used. The system is used mostly for

photographic integration.

Performance and Applications. Moon claims

to have attained brightness increments of 10^ to 10^

over Patterson Type B2 fluorescent screens also

operated with the scanning X-ray tube. Magnifica-

tions of 100 to 150 diameters and resolutions as

small as 0.010 mm have been reahzed. A detailed

analysis of the quantum relationships of the flying-

spot'^ intensifier and the equations on which the

analysis is based are given in Table III-l.
*^
The

analysis is based on operation of the Moon inten-

sifier with the scanning X-ray tube shown in Fig.

III-3 operating at 125 kv, 100 ma.

Two images obtained by Moon are shown in Fig.

III-4A, B, a small gear and the contact assembly

of a microswitch. Figure III-4A is, in fact, the first

picture ever taken with the Moon intensifier. With

the fluorite phosphor and multiplier phototube

detector replaced with a Patterson B2 screen, no

detail whatever was discernible in the microswitch

by the unaided, completely dark-rested eye. The

photographs in Fig. III-4 were made with Moon's

original X-ray tube (Fig. III-3) operating at only

60 kv, 5 ma, and under the additional disadvan-

tages mentioned earher. The grainy nature of the
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Fig. III-4. Fluorographic images produced by the
flying-spot intensifier. (Courtesy of Dr. Robert J.

Moon and Am. J. Roentgenol. Radium Therapy
Nuclear Med.)

A. Small gear (actual area 1.5 cm").
B. Contacts of microswitch, showing movable

contact between two fixed contacts (actual area
1.5 X 2.1 cm). The wide dark band at the top is

Bakelite 1.7 cm thick. The narrow band at the bot-
tom is Bakelite 0.3 cm thick. The curved line ex-
tending upward at the left is a metal spring 0.025
cm thick supporting the movable contact.

photographs in Fig. III-4 is due largely to resolu-

tion of individual scintillations owing to their sta-

tistically small number. No photographs of images
obtained with the new 125 kv, 100 ma tube are

available.

The resolution (0.012 mm) and magnification

(100 to 150 diameters) attained by the Moon in-

tensifier naturally suggest its use as a type of

X-ray microscope, and indeed, this appHcation has
been demonstrated. The photograph of the mecha-
nism of the microswitch in Fig. III-4B is an ex-

ample, and Moon claims that the structures of

insects can be observed by operation of the scan-

ning X-ray tube at 3 to 4 kv so as to obtain X-
radiation of longer wavelength. Apertures down to

0.012 mm in diameter are used for such work, and
the fluorite crystal phosphor performs well at these

low energies.

Advantages and Disadvantages. The Moon in-

Icnsifier has the advantages of signal-producing

systems and several other advantages peculiar to

the flying-spot feature. Among these advantages
are some additional means for increasing the sig-

nal-to-noise ratio as follows: (1) use of selected

multiplier phototubes or tubes of improved type;

(2) refrigeration of the multiplier phototube with
liquid nitrogen; (3) use of two or three photo-

tubes in a coincidence circuit; and (4) use of a

picture tube with a long-persistence phosphor.

Another advantage is that scattering of X-rays in

the detector does not impair resolution, since when
the image is reconstructed in the picture tube, all

information is reassembled at one point, that cor-

responding to the instantaneous position of the

cathode-ray beam. Finally, when applied to medi-
cal fluoroscopy, the flying-spot feature results in

substantially reduced exposure of the patient.

The great disadvantages of the flying-spot sys-

tem are the extremely low quantum utilization

(Table III-l) and the requirement of a scanning

X-ray tube, of which none are yet available com-
mercially.

Eugene P. Bertin

INTENSIFICATION

MEANS
OF X-RAY IMAGES BY ELECTRONIC

IV. Television Systems and Pick-up Tubes'' '=^'*

Television Systems. Some disadvantages of non-

signal-producing systems and of such signal-pro-

ducing systems as the mechanical and flying-spot

intensifiers have already been cited. Most of these

disadvantages are ehminated in television type

picture systems. Television systems and pick-up

tubes are of great interest in relation to X-ray in-

tensification for several reasons: (1) Television

systems are signal-producing electronic picture

systems and are therefore inherently useful as in-

tensifiers. (2) Closed-circuit television systems

using image orthicon pick-up tubes have been used

successfully for the pick-up of light images on

fluoroscopic screens. (3) Vidicon type television

pick-up tubes have been used successfully for di-

rect pick-up of X-ray images. (4) Closed-circuit

television systems having image orthicon or vidi-

con pick-up tubes are used in conjunction with

electron-optic image intensifiers. (5) Most tele-

vision systems have the advantage of the storage

effect, which will be considered below.

The basic elements of a closed-circuit television

system are shown in Fig. IV-IA. The reproducing

electron beam and fluorescent screen are provided

* The fourth of six related articles ; references are

listed in comprehensive bibliography in VI.
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(POSITIVE CHARGE IMAGE
OF PICTURE)
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Fig. IV-1. Television pick-up tubes.

A. Basic television system. B. Image dissector.

C. Iconoscope. D. Image orthicon. E. Vidicon.

by the familiar television picture tube. The pick-

up beam and target are provided by the picture

pick-up or camera tube. The steps in the picture

pick-up and reproduction process are essentially as

follows.

Radiation from the "picture" to be transmitted

—that is, an optical image of a scene, or, for the

purposes of this chapter, an X-ray image or a

fluorescent image of the X-ray image—is directed

onto the photosensitive element of the picture

pick-up tube. The photosensitive element may or

may not be identical with the target of Fig. IV-1A.

Although these pick-up tubes are of various

forms, practically all contain some sort of plane

electrode, the pick-up target in Fig. IV-1A,

whereon by some means a positive charge image of

the picture is estabhshed—that is, the positive

charge distribution over this target is by some

means made to correspond to the brightness or

radiation intensity distribution over the picture. In

some types of pick-up tube, for example, icono-

scopes and vidicons, the pick-up target and photo-

sensitive element are one and the same, and the

positive charge image is produced by photoemis-

sion (or, in the vidicon, by photoconduction) ex-

cited directly by the incident radiation. In other

types, such as image orthicons, the photoelement

and the target are separate, and the positive charge

image is initiated indirectly.

In either case, in all commercial pick-up tubes

except the image dissector, an electron beam scans

this positive charge image, producing a fluctuatmg

signal current, the amplitude of which at any m-

stant is proportional to the positive charge on the

particular incremental target area scanned at that

instant.

This fluctuating current, transmitted over the

communication system to the picture tube, deter-

mines the instantaneous intensity of the second

electron beam, scanning over the fluorescent view-

ing screen in synchronism with the first beam over

the target. As it scans over each point on the

screen, the reproducing beam excites fluorescence

of brightness proportional to the instantaneous

beam intensity, and hence reconstructs a fluores-

cent image of the picture focused upon the target.

This process is repetitive and continuous, the

two frames being scanned by their respective elec-

tron beams 30 times each second with 525 lines

per frame. The reproduced picture is complete,

motionless, and flickerless at this scanning rate,

largclv because of persistence of vision.

The Image Dissector (Fig. IVIB). We have

already seen how an electron image of the spacial

distribution of radiation is produced at the photo-

cathode of the image intensifier tube. A signal can

be derived from such a tube by displacing the

electron image laterally and vertically over an

aperture behind which is a collector electrode to

convey the signal from the tube. This is precisely

what occurs in an image dissector pick-up tube.

The image to be viewed is focused on the photo-

cathode and produces an electron image. The tube

is provided with a wall coating at a high positive

potential which displaces the electron image to-

ward the opposite end of the tube in much the

same manner as in an intensifier tube. The image

is focused in the plane of a small aperture by an

external focusing coil concentric with the tube, and

displaced laterally and vertically by means of de-

flection coils. As each incremental area of the

electron image passes in turn over the aperture,

the electrons in that increment are drawn into the

aperture behind which is the first dynode of an

electron multiplier. The output of the multipher

constitutes the video signal.

The Iconoscope (Fig. IVIC). In the icono-

scope, the image is focused on a photoemissive

''mosaic" consisting of myriads of mutually iso-

lated microscopic photoemissive motes on an in-

sulating mica sheet backed by a continuous metal-

lic signal plate. A positive charge pattern is

established on the mosaic by photoemission, and

the charge pattern is scanned by an electron beam

produced by an electron gun and focused and de-

flected by suitable external coils. The electron

beam generates the video signal as it scans the

charge pattern.

The Image Orthicon (Fig. IV-ID). In the
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image orthicon/°° an electron image is produced

on a photocathode and is accelerated and imaged
on a target having the form of an extremely thin

glass diaphragm. This part of the tube is similar

to an intensifier tube with the glass target replac-

ing the fluorescent viewing screen. A positive

charge image is formed on the glass target by sec-

ondary emission initiated by the electron image.

The secondary electrons are collected by a very

fine screen (500 to 1000 mesh, 50 to 75 per cent

open area) mounted parallel to and a few thou-

sandths of an inch from the target. The target is

scanned from the back by an electron beam which

deposits on each incremental area on the back of

the target just enough electrons to neutralize the

positive charge on the corresponding area on the

front. The scanning beam, modulated by deposi-

tion of electrons on the target, is made to retrace

its path back toward the electron gun where it is

diverted to an electron multiplier, the output of

which is the video signal. The image orthicon,

then, consists of three sections, an image section,

a scanning section and a multiplier section.

The Vidicon (Fig. IV-IE). In the vidicon,^'"

the charge pattern is initiated by photoconductiv-
ity, rather than photoemission. The video signal

is generated by a scanning beam more or less as in

the iconoscope.

The Storage Effect. In a United States standard
television system, the picture has an aspect ratio

(length to width) of 4:3 and is scanned in 525

lines per frame, 30 frames per second. Thus there

are (4/3) (525) = 700 picture elements per line,

and (525) (700) = 367,500 picture elements per
frame. Then each picture element is actually

scanned (1/367,500) (1/30) - 1/11,000,000 second
each frame, or 1/367,500 second each second.

In the image dissector, as each picture element
in the electron image passes over the aperture,

the aperture receives only those electrons emitted
from the corresponding element on the photo-
cathode during the instant of scanning. However,
in the iconoscope, although any picture element is

under the scanning beam for only 1/367,500 second
each second, the picture is focused on the mosaic
continuously. Since the photoemissive motes are

insulated from one another and from the metallic
signal plate, charge accumulates on the motes con-
tinuously. Then as the electron beam scans each
picture element, it discharges not just the charge
produced during the instant of scanning, but all

the charge accumulated since the last scan. This
phenomenon is known as the storage effect and
substantially increases the sensitivity of the pick-

up tube.

The image orthicon and vidicon also have the
advantage of the storage effect because charge
can accumulate on the insulating glass target or
the photoconductive layer between scans.

Intensifiers of the Indirect-Pick-up Television
Type. The Fluorescent Screen-Television In-
tensifier. The intensifier built by Morgan and
Sturm at Johns Hopkins University and HospitaP
is shown in Fig. IV-2 and is available commercially
as the "Lumicon" intensifier from the Friez In-

X-RAY TUBE

VIDEO AMPLIFIER

DEFLECTION GENERATORS

ELECTRONIC CIRCUITRY

PICTURE
TUBE /

Fig. IV-2. Lumicon intensifier system.

strument Division of Bendix Aviation Corp."* In
this system, the fluoroscopic image is first regis-

tered on a fluoroscope similar to the conventional
type. The image is transferred by a series of

mirrors to a Schmidt optical system where it is

reduced in area and focused on an image orthicon.

In a later arrangement, the fluorescent screen in

Fig. IV-2 is planar, and the image on mirror Ml is

focused directly on the image orthicon photo-
cathode by an f/0.75 lens having 110-mm focal

length and 150-mm aperture. This system elimi-

nates mirrors M2, M3, and M4, thereby sub-

stantially reducing the size and cost of the unit.

The image is reproduced on a conventional picture

tube or, by means of a projection kinescope, on a

4X3 foot screen. Brightness increments over con-

ventional fluoroscopes as high as 50,000 times are

claimed. Resolution is favored by using a 1029-

line television system instead of the conventional
525-line system.

If we assume that the fluoroscope in the intensi-

fier is 14 X 17 inches (area 1500 cm") and take
8 cm- as the useful area of the image orthicon
photocathode, the Schmidt system alone gives a

brightness increment of 1500/8 or about 200 times.

The threshold illumination on the image orthicon
photocathode is 10"^ ft candle, and Table l-I (arti-

cle I of series) shows that fluoroscopic screen

brightnesses are of the order of 10"* to 10"" mL.
Thus the Schmidt system is able to bring the bright-

ness within the range of the image orthicon.

Intensifiers similar to the Lumicon have been
built by Banks," Garthwaite,'"' "' Hay,'* and others.

Banks and Garthwaite have used 4.5-inch image
orthicons and discuss in detail the quantitative

aspects of intensification with 3- and 4.5-inch tubes.

In Garthwaite's intensifier, the image is repro-

duced on a display storage tube.

Penetrameter sensitivity of 2 to 3 per cent

through 3 inches of aluminum is reported with an
X-ray tube having a 3.5-mm focal spot and op-

erating at 140 kv (constant potential), 36-inch

target-to-screen distance, a zinc sulfide screen,
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and magnification at the screen of 1.1.* The per-

formance of this type of intensifier has been dis-

cussed for medicaP and industrial fluoroscopy.

Criscuolo and Dyer'' present sensitivity loops and

curves of constant X-ray intensity at the fluores-

cent screen for the Lumicon for to 8 inches of

aluminum and to 2 inches of steel at to 300 kv.

Wegener and BurrilP'' have used the Lumicon

successfully with 2-Mv X-rays.

This type of intensifier has all the general ad-

vantages of a signal-producing system and gives

high and controllable image contrasts equivalent

to or even exceeding those reahzed in radiographic

film viewing. In addition, there are some advan-

tages specific to this type of intensifier as follows.

1. The reproduced image is viewed without an

optical device in a comfortably illuminated room.

2. The fluorescent screen is directly exposed to

X-rays, with no intervening material between the

object being examined and the screen itself.

3. The system has great flexibility in that vari-

ous types and sizes of fluorescent screen and opti-

cal device can be used depending on the size of

the object being examined and the resolution re-

quired.

4. Because the image is reduced optically out-

side the picture tube, ordinary commercial image

orthicon tubes can be used.

The most serious disadvantages of the Lumicon

are its cost and complexity, its low signal-to-noise

ratio at very low light levels (that is, when in-

specting thick, dense objects), and its failure to

achieve 100 per cent quantum efficiency.

Fluoroscopic screens are not bright enough for

satisfactory pickup by image dissectors, icono-

scopes, or vidicons except with short X-ray tube-

object-screen distances and/or high-intensity X-ray

sources. However, Morton, Ruedy and Rotow at

RCA^'- ^^' '°' have constructed an intensifier orthi-

con, shown in Fig. IV-3, which combines a 2-stage

hght intensifier and an image orthicon in the same

envelope. This tube is useful at hght levels down

to 10"' ft candle on the input photocathode ; at this

illumination the tube gives a picture with central

resolution of 130 television lines and a signal-to-

noise ratio of ---2.5. Such tubes are apphcable to

pickup of very feeble fluoroscopic images.

The Crystal-Television Intensifier. The re-

sponse of conventional X-ray phosphors decreases

as X-ray tube operating potential is increased.

Several workers*-
^^' ^*' ®^ have described systems

similar to the Lumicon, except that the fluorescent

screen is replaced by a solid thallium-activated

sodium iodide (NaI:Tl) crystal about 7 inches in

diameter and 1 inch thick. The fluorescent image

on the crystal is viewed by a closed-circuit tele-

vision system having an image orthicon pick-up

tube. A simpler optical system is used than in the

Lumicon because of the smaller area of the scin-

tillator crystal. Such arrangements have been used

successfully with 180 Mev X-rays from a betatron.

Penetrameter sensitivity of 5 per cent has been

reported through 1.25 inch of steel with 240-kv

(constant potential) X-rays, and 2 to 7 per cent

sensitivity through 3 inches of steel with 2-Mv

X-rays.

Intensifiers of the Direct-Pickup Television

Type. Considerable success has been reahzed in

direct X-ray pickup with 1-inch vidicon tubes in

commercial industrial television systems. Fig. IV-4

shows fluorographs of transistors obtained in this

way by Cope and Rose'^ with a 1-inch vidicon

having a selenium target. Heijne, Schagen and

Bruining'^' show similar fluorographs obtained with

a lead monoxide (PbO) vidicon. Workers at Du-

mont,'° using a Pye 1-inch selenium Staticon (vidi-

con), were able to show dimly an electron tube

heater of 0.003-inch tungsten wire inside a cylin-

drical cathode sleeve of 0.003-inch nickel foil.

Allen and McClung' and Heyne'" have evaluated

the 1-inch vidicon as an X-ray pickup tube. Allen

and McClung report that at X-ray tube poten-

tials of 100, 200 and 300 kv (constant potential),

respectively 78, 96 and 81 electrons are delivered

to the output for each X-photon incident upon

the vidicon. At 100 kv, assuming 6 per cent ab-

sorption in the borosilicate glass end plate and 16

per cent absorption in the selenium layer, 550

electrons are produced for each X-photon absorbed

in the selenium.

Jacobs, Berger and Pace'' *^' ** describe an X-ray

intensifier using a large-area photoconductive pick-

up tube in a closed-circuit television system. This

system is available commercially from General

Electric as their TVX industrial and medical X-

ray image-intensifier system. The pick-up tube

("X-icon") is actually a large-area vidicon having

a PbO layer 150 fi thick deposited on an aluminum

support plate having a useful diameter of 8.5

inches. The X-rays induce a charge pattern in this

PbO layer which is scanned by an electron beam.

With an X-ray tube operating at 43 kv 60 cm from

the pick-up tube, 25 per cent of the incident X-

photons are absorbed in the PbO, and each photon

absorbed results in 1200 electrons in the output

circuit. This response is nearly independent of X-

ray energy up to 6 Mv.
The TVX gives 2 to 8 per cent contrast for X-



Fig. IV-4. Fluorograph of transistors produced by direct X-ray pickup by 1-inch vidicon.
The j^ransistors were laid on the face of the vidicon and irradiated by an X-ray beam from
an X-ray tube 2 ft away operating at 100 kv, 5 ma. The two vertical lines are shadows of
tungsten wn-es 0.002 (left) and 0.001 (right) inch in diameter. (Courtesy of J. Appl. Phys )
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Fig. IV-5 A, B. RCA X-ray intensifier orthicon.
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rays in the 40 to 300 kv range, and a penetrameter

sensitivity of 4 per cent through 0.5 inch of steel

with 145-kv X-rays. Criscuolo and Dyer
^
present

sensitivity loops and curves of constant X-ray in-

tensity at the photoconductive target for the T\ X
for to 8 inches of aluminum and to 2 inches of

steel at to 300 kv.

Direct X-ray pickup tubes of the X-icon type

have the disadvantage of a relatively small input

area and of X-ray absorption in the glass en-

velope. Earlier tubes had a rather large time lag,

which was disadvantageous for observation of

movement ; however, in recent tubes this problem

has been solved.

Smith'°* has built an X-ray pickup tube having

a 4 X 4 inch photoconductive selenium target.

Workers at Dumont'° have built tubes having

cadmium sulfide targets of 3- and 7-inch diameters.

Keller and Ploke*' built a "roentgeniconoscope"

having a 30 X 30 cm photoconductive selenium

target scanned by a 1-kv electron beam. This tube

has certain features of both vidicon and icono-

scope type pick-up tubes.

Morton and Ruedy at RCA have constructed

an X-rav intensifier orthicon, shown in Fig. IV-5,

which combines a single-stage X-ray intensifier

(similar in principle to the X-ray intensifier tube)

and an image orthicon in the same envelope.

Eugene P. Bertin

INTENSIFICATION

MEANS

OF X-RAY IMAGES BY ELECTRONIC

V. Intensification of X-Ray Diffraction Images*

The vigorous activity in the field of industrial

and medical fluoroscopic screen intensification has

been complemented by more limited efforts at in-

tensification of X-ray diffraction images. The value

of intensifier fluorography to increase photographic

speed in diffraction film techniques is obvious. But

visual inspection or very simple measurements on

Laue or pinhole patterns can also yield much very

valuable information as follows

:

1. Whether the sample is amorphous, poh^-

crystalline, or single crystalline.

2. Degree of random or preferred orientation by

observation of maxima.

3. Crystalhte size by observation of line breadth

or spottiness.

4. State of stress by observation of line breadth

or radial streaking.

5. Solid solution by observation of hne displace-

ment.
6. Certain crystallographic data by observation

of symmetry in Laue patterns, radii of promi-

nent arcs in pinhole patterns, and spacing of

layer lines in oscillating crystal patterns.

7. Direct observation of the physical effects of

various treatments on crystallite size, pre-

ferred orientation, stress, etc.

* Fifth of six related articles; references

listed in comprehensive bibliography m VI.
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8 Direct observation of chemical change by ob-

servation of the appearance or disappearance

of diffraction lines.

Some possible apphcations of intensifier fluoros-

copy are the following, the last two of which re-

quire signal-producing intensifiers

:

1. Industrial control, where the time required

to expose and process film may now preclude

the use of X-ray methods.

2. Routine and preliminary work in research

laboratories.

3. Crystal orientation for Weissenberg, preces-

sion, and other single crystal techniques, or

for industrial purposes.

4. Direct, immediate comparison of patterns.

5. Continuous observation of physical and chem-

ical effects of changes of conditions.

6. Lecture demonstrations.

7. Transmission of patterns to remote places for

consultation purposes.

The first reported effort at intensifier fluoroscopy

of diffraction images appears to be that by Ber-

tin''
^ who constructed the apparatus shown m

Fig. V-1. This apparatus is a simple television

system having cathode-ray pick-up and picture

tubes with common deflection, blanking, and power

supplies, and coupled through a video preamplifier

and amplifier. The electronic circuitry was adapted

from a television system designed for use m ama-

teur radio.'' "" Two pick-up tubes were used. One

was an RCA tvpe 5527 2-inch iconoscope (now dis-

continued), having a transparent mosaic situated

verv near the end of the cylindrical glass en-

velope. A fluorescent screen was deposited directly

on the outside surface of the end of the tube. The

other pick-up tube consisted of an electron gun

mounted in a vacuum chamber fitted with a de-

mountable brass cap having a thin berylhum en-

trance window. Various evaporated photoconduc-

tive targets, principally cadmium sulfide (CdS),

lead monoxide (PbO), and amorphous selenium

(Se), were mounted in the chamber as shown m
Fig. V-1.

The diffracted radiation was formed by a Mach-

lett AEG-50T X-ray tube having a tungsten tar-

get, operated at 50 kv and 50 ma, and fitted with

a pinhole collimator at the end of which was ce-

mented a thin single crystal. The distance between

the X-ray tube window and the fluorescent screen

or photoconductive target was kept at a minimum

--2.5 cm. Bertin was not able to obtain images of

Laue spots with the demountable pick-up tube,

but he did obtain images of the most intense Laue

beams from crystals of sodium chloride, mica, and

pentaervthritoi with the iconoscope. The images

were poorlv defined because of the poor optical

coupling between the fluorescent screen and the

iconoscope target.

Skertchly'^^ proposed a photoconductive pick-up

tube specificallv for X-ray diffraction fluoroscopy.

The design is shown in Fig. V-2. The pmhole-

colhmated X-ray beam strikes the sample, and the

resulting diffracted rays pass through the beryl-

lium window and fall upon the photoconductive

target. There they initiate a charge pattern of the

diffraction image in the same manner as the charge
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Fig. V-1. Apparatus for investigation of X-ray diffraction intensifier fluoroscopy.
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Fig. V-2. Photoconductive pickup tube proposed for X-ray diffraction intensifier fluoros-
copy.

pattern is formed on a vidicon target. Provision is

made to improve the target performance by cool-
ing with Hquid nitrogen. An electron gun produces
an electron beam which is bent, focused, and made
to scan the target by means of appropriate ex-
ternal electromagnetic coils. The charge pattern on
the photoconductive target affects the number of
electrons scattered from each incremental target
area as it is scanned. The scattered electrons are
collected by an electron multipher the output of
which constitutes the signal output of the tube.
This signal is amplified and displayed on a cath-
ode-ray tube having a scanning beam S3mchronized
with that of the pick-up tube. Skertchly presents
a mathematical analysis of the signal-to-noise
ratio and quantum efficiency to be expected from
such a tube.

Lang^* made some prehminary experiments on
fluorography of diffraction images with the Philips

intensifier and showed how intensifier fluorography
can be applied to moving film diffraction tech-
niques. Some of his findings follow.
Fluorography of MoKa diffraction images with

the Philips intensifier tube was 1.8 times slower
than direct X-ray photography at the same mag-
nification. Lang estimates that fluorographic speed
would be equal to photographic speed with a
faster lens between the intensifier viewing screen
and film, and could be made to exceed photo-
graphic speed by a factor of 4 by placing a bery^l-

lium window in the intensifier. Intensifier fluorog-
raphy with longer wavelengths, such as CuKa,
would require much longer times.

Complex crystal structures are studied almost
exclusively by moving film diffraction techniques,
and it would be impractical to construct instru-
ments in which an intensifier tube could be moved.
However, Lang showed that it is possible to leave
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Fig. V-4. Arrangement for intensifier fluorog-

raphy of Debye-Scherrer patterns.

the intensifier stationary and move the photo-

graphic fihn on which the intensifier output screen

is projected, with the layer screen interposed be-

tween the projection lens and film. Lang derived

the conditions for recording 0- and n-layer de

Jong-Bouman reciprocal lattice patterns in this

way. The proposed arrangement for direct X-ray

photography of de Jong-Bouman patterns is shown

in Fig. V-3A, and the proposed method for fluor-

ography in Fig. V-3B.

Hanson and Menarry'' described an apparatus

for visual presentation of weak optical diffraction

fluorography of de Jong-Bouman patterns.

Jong-Bouman patterns.

images which should also hv apphcable to X-ray

diffraction images. The image is picked up by a

CPS (cathode potential stabiUzed) emitron pick-up

tube, the output of which is stored in a half-tone

storage tube where the feeble signal is mtegrated

ONor a relativelv long storage time. The stored pat-

lcrn is scanned and presented on a cathode-ray

^Thun and his colleagues"* demonstrated the

feasibilitv of intensifier fluorography of Debye-

Scherrer" images. The apparatus is shown m l^ig.

V-4
The sample is mounted in a 114.6-mm Norelco

Debve-Scherrer camera fitted with the usual pin-

hole collimator and direct beam trap. However, the

diffracted radiation is not intercepted by a hlni

around the inside wall of the camera m the usual

manner, but rather by a fluoroscent screen on the

inside surface of a truncated cone as shown. Ihe

fluorescent pattern is imaged by a wide-angle last

lens on the photocathode of the mtensiher tube

the output screen of which is photographed by an

optical camera.

The Debve-Scherrer pattern m Fig. V-5 was ob-

tained with the intensifier under the conditions

given below in 1 hour, the same time required for

a conventional Debye-Scherrer pattern m the

Norelco camera at the same excitation conditions.

The X-rav source was a Norelco X-ray diffraction

tube having a Cu target and operated at 35 kv

and 20 ma with no filter. The truncated cone had

a diameter of 4 cm, so that the ratio of diameters

of cone and camera was 4:11.46 or 1:2.86. A de

Oude Delft Ravxar E50/0.7/1.6 lens havmg 25 per

cent transmission efficiency imaged the fluorescent

screen on an RCA 2-stage developmental image

converter having an intensification gam of 1250.

The optical camera had an f/4 lens with^^0.8_ per

cent transmission efficiency and Kodak Tri-X

film, which has about the same efficiency for the

light output of the intensifier as X-ray film has

for CuKa X-radiation.

Table V-1 gives an analysis of the intensification
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of Thim's intensifier, the over-all gain being 2. Ac-

tually, the experimental intensifier had an over-all

gain of only 1 because only a half-cone was used

to intercept the diffracted radiation. Replacement

of the optical camera lens (0.8 per cent transmis-

sion) by a second de Oude Delft lens (25 per cent

transmission) would result in an additional gain of

30, and use of extremely fast photographic film in

another 3 to 4. Thus an over-all gain of '-^200 can

be readily achieved by this intensifier, and the

Debye-Scherrer pattern in Fig. V-5 would be re-

corded in a matter of seconds. This exposure time

would be suitable for some kinematic studies of

the type to which electron diffraction has already

been applied."^

By far the most significant contributions to dif-

fraction fluoroscopy and fluorography have been
made by Goetze and Taylor at the Westinghouse
Research Laboratories.^^ Some of the intensifiers

investigated or proposed by them are shown in

Fig. V-6 and described below together with some
of the results realized with them.
"Fluorex" intensifier—Goetze and Taylor used

the Westinghouse Fluorex intensifier for direct

pickup of diffracted X-ray beams and obtained re-

sults comparable with those obtained by Thun
with a 2-stage intensifier optically coupled to a

fluorescent screen.

TSEM intensifier—An image phototube incorpo-

rating the Westinghouse transmission secondary
electron multipHer (TSEM)'-'- ^'- ^'^

is shown at

the extreme right in Fig. V-6A and in Fig. V-7A.
The photocathode and fluorescent viewing screen
are deposited on the inside surfaces of opposite
ends of a cyhndrical bulb about 1 inch in diame-
ter. Between these ends is a series of plane paral-
lel thin films arrayed as shown in the figure. Many

Table V-1. Analysis of the Gain of Thun's
Intensifier.
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Fig. V-5. Debye-Scherrer pattern of tungsten
powder photographed with the apparatus shown
in Fig. V-4. (Thun attributes the abnormal weak-
ness of the (310) a line to strong absorption in the
sample or to misahgnment or uneven coating of
the fluorescent screen.) (Courtesy of R. E. Thun
and Anal. Chem.)

Parameter Gain factor

Ratio of diameters of fluorescent

screen (4 cm) & photographic film

(11.46 cm), 1:2.86

Efficiency of fluorescent screen
Transmission of deOude Delft lens

Gain of intensifier tube
Transmission of camera lens

Relative efficiencies of Plodak Tri-X
film to light output of intensifier

and X-ray film to CuKa X-radia-
tion

0.1

0.25

1250

0.008

1

Over-all gain: 8 X 0.1 X 0.25 X 1250 X 0.008 X
1 = 2

FOCUSING COIL

PHOTOCATHODE

TRANSMISSION DYNODES VIEWING SCREEN

FLUORESCENT
SCREEN

FLUORESCENT SCREEN
ON INPUT SURFACE OF
FIBER OPTIC BUNDLE

E INCIDENT
X-RAY BEAM

DIFFRACTED
/X-RAY BEAM

GENERATING CURVE
OF SURFACE

:

r2-2y2

2-v7^V'

Fig. V-6. Intensifier devices investigated or pro-
posed by Goetze and Taylor.
A. Fluorex intensifier optically coupled to a

transmission secondarv electron multiplier
(TSEM) intensifier tube'.

B. Fluorex-TSEM intensifier tube.
C. Fluorex-TSEM intensifier tube with fiber

optics input.
D. Arrangement proposed for intensifier fluoros-

copy and rapid fluorographj- of the reciprocal lat-

tice.

E. Construction for deriving the equation for the
input surface of the fiber optic bundle in Fig. 6D.

types of film have been investigated at Westing-
house. Among these are the following: (1) a 3-

layer film of successively evaporated layers of po-
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tassium chloride (KCl), gold (Au), and silicon

monoxide (SiO) supported on a nickel mesh hav-

ing 500 wires per inch and 50 per cent open area;

(2) a 2-laver film of successively evaporated layers

of Al and KCl supported on a 400-A layer of

aluminum oxide (AI2O3); and (3) self-supporting

films of successively evaporated KCl, Al, and SiO,

or Al and KCl. These films act as electron multi-

plier dynodes, but differ from conventional dyn-

odes in that the primary electrons bombard, and

the secondary electrons leave opposite sides. Dyn-

odes successively farther from the photocathode

are at increasingly positive potentials, as in con-

ventional multipliers.

Dispersion of the secondary electrons with con-

sequent deterioration of picture quality is avoided

by placing the entire tube in an axial magnetic field

provided by an external focusing coil. In this way

the secondary electron image is focused on the

viewing screen. Gains per dynode as high as 6 and

over-all gains of 10' have been reported with reso-

lutions as high as 15 line/mm.

The disadvantage of the TSEM intensifier when

applied directly to diffraction fluorography is that

the diffracted X-rays must be registered on a fluo-

rescent screen which must be projected in turn on

Fig. V-7. Westinghouse intensifier tubes using

transmission secondary electron multipliers

(TSEM). (Courtesy of Westinghouse Electric Corp.

and G. W. Goetze)
A. TSEM intensifier tube.

B. Fluorex-TSEM intensifier tube.

the photocathode of the TSEM tube. In a typi-

cal Laue arrangement with the film replaced by a

fluorescent screen 5 inches in diameter, each X-

photon striking the screen produces ^1000 light

photons. An f/1 lens transmits —0.2 per cent of

the light thus produced to the 1-inch photo-

cathode of the TSEM tube. If the quantum effi-

ciency of this photocathode is 10 per cent, on an

average 1 photoelectron is produced for every 10

light photons arriving at the photocathode. Thus,

only 2 light photons reach the photocathode for

each X-photon arriving at the Laue screen, and

onlv 1 X-photon in 5 causes the emission of a

photoelectron at the photocathode. Nevertheless,

the gain of the TSEM intensifier is so high that

Goetze and Taylor were able to photograph the

brightest Laue spots on 35-mm motion picture

film at 16 frames per second.

Fluorex intensifier optically coupled to the

TSEM intensifier—In the Fluorex tube, the 5-

inch diameter of the input fluorescent screen is

large enough for diffraction work and is in direct

contact with the photocathode. In the arrange-

ment in Fig. V-6A, the 1-inch output screen of

the Fluorex is optically coupled to the 1-inch

photocathode of the TSEM. The gain of this ar-

rangement enables fluorography of excellent Laue

patterns at 1/30-sec exposure time.

Fluorex-TSEM intensifier—In this tube, the

Fluorex and TSEM are combined in the same en-

N-elope, as shown in Fig. V-6B and in Fig. V-7B

with the fluorescent output screen of the Fluorex

replaced by a thin-film dynode similar to those in

the TSEM. The gain is sufficient to enable seeing

scintillations caused by individual X-ray photons,

and Laue patterns can be observed readily with-

out dark adaptation of the eye. Still and motion

pictures of such Laue patterns are shown in Fig.

V-8. This intensifier enables comfortable con-

venient orientation of single crystals.

Fluorex and Fluorex-TSEM intensifiers with

fiber optics input—Goetze and Taylor propose a

tube in which the photocathode is deposited on

the inner surface of a fiber optics window having

a diameter of 5 inches and forming an integral

part of the tube envelope, as shown in Fig. V-6C.

The input fluorescent screen would be brought

into direct contact with the outside of the fiber

optic bundle. In this way the absorption of X-rays

in the glass window of the standard Fluorex, or

the light loss of a lens, are avoided.

The fiber optic window has another advantage

of verv great significance. By suitably contouring

the front surface of the fiber optic bundle, it is

possible to effect specified mathematical trans-

formations in transferring the optical image from

front to rear surfaces. In this way the radiation

diffracted from an oscillating crystal can be trans-

formed directly to a true, undistorted representa-

tion of the reciprocal lattice which may be viewed

directly or photographed in a fraction of a second.

Goetze and Taylor have derived the contour for

the input surface of the fiber optic bundle for

fluoroscopy of the reciprocal lattice. Their con-

struction for this derivation is shown in Fig. V-6E

and their proposed intensifier arrangement in Fig.

V-6D.
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o

Fig. V-8. Laue patterns photographed at the output screen of the Fkiorex-TSEM intensi-
fier tube. (Courtesy of G. W. Goetze)

A. Still picture.
B. Eight frames of motion picture (1/30 sec exposure time per frame).

Intensifier devices have been applied to practi-

cal crystal orientation problems in the labora-
tory^- ^^^ and in the diamond industry.'®

Eugene P. Bertin

INTENSIFICATION OF X-RAY IMAGES BY ELECTRONIC
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Fig. 1. Cross section, not to scale, showing the
principle of solid state image intensifiers. A and
B are the electrodes on opposite surfaces of the
sandwich. B must be transparent to light, A to
X-rays. C is the photoconducting layer, D is

opaque to hght, and E is the electroluminescent
layer. F is the glass support.

INTENSIFYING PANELS, SOLID-STATE, FOR IMAGES IN

RADIOLOGY

Solid-state image-intensifying panels for radio-

logical use are still undergoing development, but
the advantage of large area, small bulk and rela-

tively low cost compared with vacuum tube image
intensifiers would make them extremely useful.

The principle is shown in Fig. 1. The panel con-

sists, in its simplest form, of a layer of photocon-
ductor (e.g., CdS) and a layer of electrolumines-

cent material (e.g., ZnS) mounted in contact with
each other on a glass plate. An electrical field is

apphed across this thin sandwich from front to

back. The thickness of the CdS layer is about Vk

mm. An electroluminescent layer is one which
emits light in the presence of an electric field,

usually, but not always, an alternating field. It is

usually about 50 microns thick. When an X-ray
image falls on the layer of photoconductor, the
conductivity increases in the areas where the in-

tensity is great, so that less voltage is developed
across the photoconductor and more across the
electroluminescent layer (ELL). More current
then flows through the latter, and the light output
is correspondingly increased in these areas.

Sohd-state systems have a fundamental ad-
vantage over vacuum tube devices because the
X-ray detecting layer can be thicker, and so ab-
sorb more information from the X-ray beam.
Vacuum tube image intensifiers cannot make use
of a layer thicker than the range in it of the elec-

trons emitted from the surface. In solid-state sys-

tems, on the other hand, there is no such funda-
mental limitation, the largest practicable thickness
being determined by the decrease of detail dis-

crimination with very thick layers. The width of
the blurring in the image has been found to be
considerably less than the thickness of photocon-
ductor in simple two-layer screens (Fowler,
1959).- It has been shown that solid-state systems
can give, theoretically, some 10" times more power
gain than vacuum tube image intensifiers (Die-
mer, Klasens and Van Santen, 1955).' Such large
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Fig. 2. Performance curves for a two-layer in-

tensifier. Ordinates, function of light output;
abscissae, function of radiation intensity input.

J) = capacitance of £^LL/capacitance of photo-
conducting layer. B2 = light output, Bo^ =
maximum light output at a given voltage, w — 2Tr x
frequency, Vo = appHed voltage, A — constant,
Bi — radiation intensity, /i = sensitivity. [Re-
produced from Philips Research Repts., 10, 401
(1955)]

gains are not yet attainable in practice because
the materials have not been developed sufficiently.

There are three problems which will be dis-

cussed in order: (1) sensitivity (2) contrast per-

ception and (3) time constants.

Sensitivity. There seems no great difficulty in

achieving sensitivities which give good contrast
perception with sufficient brightness for viewing
without dark adaptation in a partially darkened
room. Diemer et al., have pointed out that a sim-
ple two-layer type of panel would be responsive
to only a narrow range of dose rates unless the
frequency of the applied voltage were varied; low
dose rates would require low frequencies and con-
sequently would give less light output. This prob-
lem was overcome very elegantly by Kazan and
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Nicoll (1955)' by dividing the photoconductor

into a series of strips, so that a d.c. field could be

apphed between alternating strips while any de-

sired frequency could be used independently to

operate the electroluminescent layer. A number

of these screens have been demonstrated. Efforts

are also being made to develop d.c. electrolumi-

nescent layers so that the advantage of simplicity

in construction can be retained.

Fowler (1959) and Henderson (I960)' tested

screens of the simple construction using a photo-

conducting layer of CdS 0.5 mm thick, and found

that useful brightnesses were obtained at dose

rates of 10 to 300 milliroentgens per minute for 80

kvp X-rays filtered by 2 mm Al. The panels were

usually operated simply at 50 c/s. They con-

firmed the predictions of Diemer et al., and were

found to be robust and long-lived. They were

also shown to operate when irradiated with gamma
rays or beta rays. Stiirmer (I960)® has reported

the construction of solid-state intensifying panels

which gave excellent contrast and useful bright-

ness in skull phantoms after X-ray exposures of

less than 5 milliampere seconds using X-rays of

similar quality.

Contrast Perception. The limits of percolation

of small details are determined by the random sta-

tistical fluctuations occurring in the area of inter-

est, and these will depend on the number of

quanta or electrons involved at any stage in the

intensification process (Rose, 1948).'^

In conventional X-ray fluoroscopy about 30 X-
ray photons must be absorbed in the screen to

produce one visual stimulus. The limiting stage

here is the human eye. Any image-intensifying

system giving a factor of increase of appreciably

more than 30 causes the fluctuations in the eye to

be smaller than those in the image itself, and the

number of X-ray quanta absorbed in the primary

detector then becomes the limiting factor. Con-
ventional fluoroscopic screens absorb onh^ about

30 to 40 per cent of the incident X-ray quanta, so

that television systems viewing them have this

limitation, even provided that electronic noise can

be made negligible. Electrostatic image intensi-

fiers absorb less: 15 to 20 per cent. Solid-state

panels, on the other hand, absorb at least 80 per

cent. They are therefore favorably placed as re-

gards the fundamental limits of contrast percep-

tion (Fowler, I960).'

Time Constants. The characteristic property of

the photoconductors which have so far been found
sufficiently sensitive (e.g., CdS, CdSe) is that they

have very long time constants, often of some tens

of seconds, especially at low dose rates. There
does not appear to be any likelihood of viewing

moving objects in the near future; such a de-

velopment will require entirely new photocon-

ductors. While this is at first sight a serious dis-

advantage, it should be borne in mind that there

are also considerable advantages, from the radio-

logical point of view, in intermittent viewing with

an image-storage device. Television systems with

magnetic memories are being built to do this;

solid-state image-intensifying panels do it un-

avoidably and much more simply. Further, the

build-up time of the image can be reduced and

the decay time increased by permitting a propor-

tion of optical feed back from the ELL to the

photoconducting layer (Kazan, 1959).' The image

can be erased electrically within a few seconds

when desired. In this method of use, the X-rays

would be switched on for a short exposure (de-

pending upon the number of quanta absorbed by

the detector), and then switched off while the

image was retained for viewing over several sec-

onds or longer. This method would result in the

lowest possible radiation exposure to the patient

during a screening procedure. It is possible that

sohd-state intensifying panels which work in this

way would be useful with little further develop-

ment, in aligning the beam in radiotherapy, or

more generally, in operating theaters.

Conclusion. The future improvement of photo-

conducting and electroluminescent substances is

likely to lead to compact, simple, and inexpensive

image-intensifying panels of increasing value in

radiology.
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INTENSITIES, INTEGRATED X-RAY DIFFRACTION

Fundamental Considerations. The intensity of

reflection by X-rays must take into account fac-

tors of two types, one depending on the nature

and arrangement of the atoms in the ideal unit

cell, and the other on the departures from ideality

of the actual crystal and on the method used in

observing the intensities.

As regards the condition of the crystal, Darwin

showed in 1914 that a crystal with negligible ab-

sorption, whose atoms are arranged in rnathe-

matically perfect array, would reflect X-rays

totally over a small angular range, of the order of

a few seconds, and that reflection would be com-

plete in a few tens of thousands of lattice planes.

Experiments, however, soon showed that from

nearly all real crystals, the integrated reflection is

perhaps twenty or thirty times stronger. Darwin

himself first pointed out the reason for this is that

it is more correct to regard crystals as mosaics of

more or less perfect blocks which, though nearly

parallel, may vary in orientation over a small

range of angles. Most crystals approach more
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nearly the mosaic structure than the perfect one

and it must be borne in mind that this difference

may introduce serious discrepancies in the ob-

served and theoretical intensities of the strong re-

flections. The more recent models of imperfec-

tions in real crystals in terms of dislocations,

vacancies, interstitials, etc., are possibly more

realistic than the mosaic model. A treatment m
terms of these is, however, beyond the scope of

this article. For further details see Guinier.'

Consider the case of a crystal face which is

large enough so that it intercepts the beam com-

pletely and let P be the power of the incident

beam of X-rays. PR{d) is then the power of the

reflected beam and the angle d varies over the

range of reflection. The integral of the reflected

power with respect to the glancing angle 6 divided

by the power of the incident beam, P, is defined

as the integrated reflection from a crystal face

and is denoted by p where

-/.

^o+e

R{,d) dd. (1)

do is the angle of maximum diffracted power and

e is chosen to include effectively all the diffracted

radiation. It should be noted that this quantity is

dimensionless. In the case of a crystal small

enough to be bathed completely by the beam, the

expression for the integrated intensity bears the

same form as that for a crystal face but it now has

the dimensions of length squared. The integrated

reflection from a mosaic crystal of volume Av so

small that absorption within it is negligible, may
be written

Q Av (2)

and the corresponding expression for reflection

from a face of a mosaic crystal of linear absorp-

tion coefficient /x is

P = Q/2fJi

In both these formulas

Q =
m 2d

|Fp
cos2 29

(3)

(4)

where N is the number of unit cells per unit vol-

ume, \ the wavelength of X-rays, 6 the glancing

angle, F is the structure amphtude and (1 +
cosV2^)/2 allows for the fact that the incident

radiation is assumed unpolarized. The structure

amplitude, F, is the amplitude of X-rays scat-

tered by a single unit cell of the crystal and de-

pends solely on the distribution of atoms in the

unit cell. It is usuallv written in the form

(5)

F^ = {JA cos aA + Jb cos as + •
• 'Y

+ {Ja sin a A + Jb sin a^ + )""

Ja , Jb ,
• •

' to be defined below, are the atomic

scattering powers for atoms of kind A, B, • • • and

ttA , KB ,
• • • are the phases of the atoms given by

a = 27r {hx/a + ky/h + Iz/c) (6)
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h, k, I being the Miller indices and x, y, z the

positional coordinates of the atom in question. In

the literature, the structure factor is written in

terms of x, y and z, it being understood that these

are the coordinates of fractions of the unit cell

as written above.

The atomic scattering power, /, depends on the

distribution of electrons in the atom and is cal-

culated by the Schrodinger change density distri-

bution.

/ U{r) dr (7)

U{r) = iirr^ 1 \p P, the radial electron density and

<f>
Attt sinO/X. (8)

Values of / for all atoms have been calculated and

are tabulated.^

Geometrical and Physical Factors Affecting

Intensities. In most experimental methods of re-

cording intensities of X-rays diffracted, the crystal

or crystals are permitted to rotate or oscillate with

constant angular speed such that at some time

during this process the crystal scans through the

finite angular range satisfied by Bragg's law. In

practice, therefore, the usual expression for inte-

grated intensities is written

I = KLpmA
I

F (9)

K is the scale factor, L the Lorentz factor, p the

polarization factor, m the multiphcity factor, A
the absorption factor, F the structure amplitude

previously defined and e''^ is the temperature

factor. These we proceed to define. In what fol-

lows, 9 is the Bragg angle.

(1.) Lorentz factor L. This factor is the fraction

of time during which the various planes of the

crystal reflect. It is dependent on the slope of the

given reflection plane with respect to the rotation

axis and the angle between the rotation axis and

the primary X-ray beam. This factor assumes

many forms depending upon the experimental

conditions employed to observe the intensities

and the reader should consult the section on refer-

ences. In the case of oscillating and Weissenberg

diagrams, it assumes the form

L =
29

and for powder photographs it is

1

L =
sin^ 9 cos

(10)

(11)

(2.) Polarization factor, p. This factor takes into

account the resolution of the amplitude of the

diffracted beam into components polarized in the

plane containing the incident and reflected rays

and in the direction perpendicular to this plane.

If the beam incident on the crystal is that directly

from the X-ray tube (i.e., is not first monochro-

matized bv reflection from a standard crystal) and
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is therefore assumed unpolarized, the factor al-

ways assumes the form

1 + cos2 2d
(12)

(3.) Multiplicity factor, m. In a powder photo-

graph any given Hne is built up by diffraction

from all planes of the single form, that is, the

complete set of similar planes related to the ini-

tial one by the symmetry operations of the point

group. Consequently, other things being equal,

the intensity of a line will be proportional to the

number of planes in the form and such numbers

are called general multiphcity factors. The reader

may consult the International Tables^ for the

multiplicities of the various crystal systems. He
must be cautioned that two or more different

forms may have the same spacing. Such forms do

not have the same structure amplitude and this is

so indicated in the reference above.

(4.) Absorption factor, A. The effect of absorp-

tion is to diminish the intensity of the diffracted

beam and may be ignored for rough work. It is

constant for spectrometric power techniques pro-

vided conditions depending on absorption coeffi-

cient, density and thickness are satisfied (see Ref.

21, p. 376). If highly accurate work is desired, it

may be advantageous to form the specimen into

a spherical or cylindrical shape since absorption

corrections for these shapes are relatively simple.

(5.) Temperature factor, e'-". The thermal mo-

tions of atoms in a crystal at all but absolute zero

of temperature serve to modify the scattering from

the atom and, consequently, the atomic scattering

factor defined above for stationary atoms, must

take this into account. An understanding of the

general nature of this modification may be had by

noting that the effect of thermal motion is to

make the electrons of each atom sweep out a

larger average volume than they would if the

atoms were stationary. In the simplest case of one

kind of atom and an isometric structure, the

atomic scattering factor assumes the form

f = foe' m
where /« is the atomic scattering factor for an

atom at rest. It is necessary to use different values

of B for atoms of different atomic weights and to

allow for anisotropy of thermal motions so that B
becomes a function of hkl. Suggestions for further

reading are given in the section entitled refer-

ences.

(6.) The scale factor, K. A set of intensity data

collected by whatever means may not agree with

those calculated assuming the necessary informa-

tion is at hand because, all other things being

equal, the observed relative intensities will depend

on the shape, size and condition of the crystal.

Clearly, the observed intensities must be scaled

to that of the calculated data, and the propor-

tionately constant between observed and calcu-

lated data is the scale factor, K.

The intensities of the primary beam may, un-

der certain circumstances, be attenuated and so

the diffracted beam is reduced. This effect, known

as extinction, is well-known theoretically but is

very difficult to allow for experimentally because

it depends very much on the physical perfection

of the crystal. If the crystal is not ideally perfect

but consists of rather large lattice blocks, the

intensities are proportional to F to the power be-

tween 1 and 2. This is primary extinction. Sec-

ondary extinction affects only the strongest re-

flections and is due to the fact that the top layer

of a crystal, closest to the beam, reflects away an

appreciable portion of the primary beam, thus in

effect partially shielding the lower layers of the

crystal. The strongest reflections are most seri-

ously affected in this manner and are thus experi-

mentally weaker than they should be in compari-

son with the less strong reflections. An excellent

resume of the subject is given by Lonsdale* and

James.

^

This discussion would not be complete without

mentioning results of the fact that the Ka char-

acteristic radiation from an X-ray target consists

of a doublet. A given reflection intensity will con-

sist of two nearly coincident lines corresponding

to the wave lengths of the Kai and K01.2 reflected

by the crystal. The observed intensity consists of

the resultant overlap of these two line profiles,

and the contribution of the constituent profiles to

the observed intensity profile varies markedly

with angle. If the peak intensity is to be taken

as representative of the integrated intensity, then

the overlapping Kai , Kaz peaks must be resolved

by analytical or graphical means. A satisfactory

method appears to be that due to Rachinger.*'
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INTENSITIES, INTEGRATED, AND POLARIZATION COR-
RECTIONS. See Polarization of X-Rays.

INTENSITIES, SINGLE CRYSTAL DIFFRACTION. See Auto-

matic Data Reduction.

INTENSITIES, THERMAL DIFFUSE SCATTERING CORREC-
TIONS. See Scattering, Thermal Diffuse.

INTENSITY MEASUREMENT FOR MOSAIC BLOCK SIZES.

See Mosaic Block Sizes.

INTERELEMENT EFFECTS IN X-RAY FLUORESCENCE SPEC-

TROMETRY

A practical description of the matrix problem

in X-ray analysis is as follows: The construction

of a set of working curves for the analysis of a

multi-component system is complicated by the

fact that the fluorescent intensity of any one ele-

ment depends not only on its own concentration

but also on the other elements present. The ma-

trix effect occurs in the case of X-ray excitation

because of variations in the absorption of the

sample for the incident X-ray beam and the fluo-

rescent X-rays generated in the sample. These

variations in absorption are governed by the com-

position of the sample.

Many techniques have been published for the

correction of matrix effects, and many which claim

to avoid them. A complete description of the

problem and its various solutions has been given

in a previous article.^ Sample dilution and thin-

film techniques have since become generally ac-

cepted. Because of their dependence on the basic

laws of X-ray absorption, much can be learned

from their study.

Dilution Techniques. Dilution by solution or

fusion is an excellent means for the reduction of

matrix effects, as well as the ehmination of the

particle size and particle composition effects.

Claisse- has developed the technique of dilution

by borax fusion. He compares the advantages of

great dilution of a sample to the use of a highly

absorbing flux and concludes that the latter is

preferable for eliminating matrix effects because

the background intensity is correspondingly de-

creased. Claisse prefers to use solid solvents such

as borax, rather than liquid solvents, and to pre-

pare his samples as glass disks.

In many cases, complete elimination of the ma-
trix effect by dilution is impossible without severe

reduction in element sensitivity. In the analysis

of solution or fusion samples, a compromise nec-

essarily exists between dilution and sensitivity.

Figure 1 shows in a general way the loss of in-

tensity that results with dilution, in this case the

effect on manganese, columbium and silicon in-

tensities by dilutions with LioBiOi . The intensity

of the diluted sample in terms of percentage in-

tensity of the undiluted sample is related to the

number of parts of the diluent. The intensity loss

of Mn K alpha, for example, is very small with

only 1 or 2 parts dilution. For Si K alpha, this

loss is much more drastic. At a 1 to 200 dilution

with LioBiOi, Si K alpha emits only 1.6 per cent

of its intensity from the undiluted sample. In Fig.

2, Sn02, a highly absorbing diluent, is compared

to NasCOs, a low absorber. The effects of dilu-
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Fig. 1. Effect of LioB.Or dilution.

1 Cb Ka in To

2 Cb Ka in Ti

3 To La, in Fe

4 To La, in Cb

I I m l L.

5 10

Ports Diluent

Fig. 2. Effect of SnOo or Na.COa dilution.

Table 1. Comparison of Decreased Inten-

sity-Interelement Effect by Sample
Dilution.

Matrix
Un-

diluted

1-20

Na2C03
1-2

Sn02
1-30

Na2C03
1-3

Sn02

Per Cent Ratio of Intensities

50% CboOs in 42.2 72.0 69.9 80.7 76.9

(Ta205/

TiOo)

50% TaoOs in 70.6 86.5 88.8 88.7 92.0

(Fe^Os/

CboOs)

Per Cent Loss of Intensity

50% CbaOs in

TaoOs 49 45 54 55

Ti02 70 67 76 75

50% TaoOs in

CbaOs 71 72 84 82

FeaOa 65 65 80 76

tion on Cb K alpha in tantalum and titanium

matrices, and on Ta L alpha in iron and colum-

bium matrices are shown. The intensity loss is

dependent not only on the diluent and the wave-

length of the radiation being measured, but on the

mass absorption coefficient of the original sample

matrix. The minimum intensity loss occurs for

hard Cb K alpha radiation in the highly absorbing

tantalum matrix with Cb K alpha in titanium

next. Ta L alpha is reduced less in iron, a high

absorber, than in columbium, a low absorber. Di-

lution with 2 to 3 parts SnOo is equivalent to dilu-

tion with 20 to 30 parts NasCOs . The percentages

in Figs. 1 and 2 were based on peak plus back-

ground readings. Some difference in the plotted

value would occur with background correction.

Loss of intensity can be tolerated in X-ray

measurement by increasing counting times. Actual

counting errors can be calculated, and a counting

time chosen to give the desired statistical error.

If the reduction in matrix effects is significant,

tliis is worthwhile. Table 1 compares the change

in matrix effect with the corresponding intensity

loss. Cb K alpha in the matrices tantalum and

litaniuin represents a case of absorption and en-

liancciiiont. the intensity of 50 per cent colum-

l)iuni in tantalum being only 42 per cent of its

int(>nsity in a titanium matrix. As the dilution

with Xa,CO.t or with SnOa increases, this intensity

ratio increases. If the ratio were increased to 100

per cent, the interelement effect on Cb K alpha

would be completely eliminated; that is, colum-

bium would read the same in titanium as in tan-

talum. A similar situation occurs for 50 per cent

tantalum in iron and columbium matrices. Al-

though by the 1 to 30 Na^COa or 1 to 3 part SnOo

dilution, progress has been made toward the 100

per cent goal, the corresponding losses of inten-

sity are 80 per cent.

An important development in X-ray analysis is

the Andermann^ minimum flux technique which

was first applied to the analysis of raw cement

mixes and finished cements. The sample is diluted

with only 1 part LioB407 which allows adequate

sensitivity for light element analysis. As Ander-

mann points out, in the analysis of powders ^it is

possible to get completely meaningless X-ray

values from unfused samples and whether or not

matrix effects exist cannot be determined because

they are masked by other effects. Patterns of CaO
enhancement of Si K alpha and absorption of

Fe K alpha were diagnosed on the fused samples.

An example* of the effects occurring in fused

samples in which a Li2B407 flux was used at 2

parts to 1 of sample is the absorption of Mn K
alpha in the presence of the light elements sihcon,

aluminum and magnesium by heavier elements

such as calcium, barium, potassium or strontium.

Quantitatively the effect amounts to a 1 and 2.5

per cent change in manganese intensity for every

1 per cent change in CaO + K2O + SrO or in

BaO, respectively. These effects are more severe

in the unfused samples, but can be further re-

duced by higher dilution or by the addition of a

strong absorber to the fluxing material. Rose, et

alJ added LaaOs to LisBiOT fusions of a wide va-
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riety of silicate rocks to eliminate matrix effects

on the light elements.

When considering the interelement effects oc-

curring in solution samples, one must consider the

acid solvent as well as the elements present in the

sample. Work has been pubhshed*' suggesting the

desirability of using HNO3 for sample dissolution

because oxygen, hydrogen and nitrogen have lower

mass absorption coefficients than the chlorine or

sulfur in perchloric, hydrochloric or sulfuric acids.

Figure 3 illustrates the differences in intensity

with different acid matrices.' The maximum fluo-

rescent intensity occurs in water and is only

shghtly lower in nitric acid. The use of even 4 per

cent HCIO4 or 5 per cent H2SO4 causes a drastic

reduction in intensity. In addition to the differ-

ence in sensitivity in various acid media, a large

difference in intensity occurs with changes in the

concentration of the same acid. A reliable proce-

dure, if complete compensation for matrix effects

is desired, is the addition of an internal standard

for each element to be determined. If several ele-

ments are to be measured and more than one in-

ternal standard is impractical, the addition of a

control element will compensate for the varia-

tions due to the type of acid and its concentra-

tion.

Thin-Film Analysis. Liebhafsky, et al, treat

the variation in characteristic-line intensity with

sample thickness in several places in their book,

"X-ray Absorption and Emission in Analytical

Chemistry."^ They designate as the linear region,

the thickness range in which the intensities of the

individual elements are proportional to the num-
ber of atoms of those elements present. In this

limiting region near zero thickness, each atom ab-

sorbs and emits X-rays independently. Intensity

and thickness are proportional and there is no

effect of matrix composition. This region varies

from to about 1000A. for different elements and

depends upon the mass absorption coefficients for

the incident and characteristic X-rays and the

angles made by the incident and emergent beams
with the sample surface. As film thickness in-

creases, the intensity of the radiation excited will

increase at a decreasing rate. When the material

is thick enough, fluorescence will not be excited at

a high enough rate to increase the measured in-

tensity. This depth or thickness is called the criti-

cal depth, and is the depth at which maximum
intensity is attained for the particular experimen-

tal conditions. At greater than the critical value,

intensity is independent of thickness. Thus the

relationship between thickness and analytical line

intensity for a film of a single element can be con-

sidered as comprising two limiting regions sepa-

rated by a region of transition. Liebhafsky points

out that analyses by X-ray emission spectrogra-

phy can be carried out in both limiting regions,

but the intermediate "exponential region" should

be avoided.

Theoretically there is a means of achieving cor-

rectionless X-ray analysis—the preparation of a

sample in the form of a film which is thin enough
that absorption effects are negligible. Practically,

the film must be kept fairly constant in densit}^

20 30 40 50

PER CENT Fe, Mn, Cr, Ni or Cu

Fig. 3. Effect of acid matrix and sample volume
on fluorescent intensities.

for precise results, and the sample support should

be chosen so that the background X-rays scattered

from it are at a minimum. These requirements are

so difficult to fulfill that much work on thin sam-

ples is in the dangerous exponential area where

intensities can vary with both thickness and ma-

trix. Rhodin'' achieved good agreement between

X-ray and chemical analyses of evaporated metal

films and oxide films isolated from stainless steels

by working in the hnear region. Although the iso-

lation and mounting of the sample on the "My-
lar" support were critical for obtaining good pre-

cision and low background intensity, he found

that a criterion of plus or minus 5 per cent could

be assumed as reasonable. For samples highly dis-

persed on the Mylar film, with densities from 1 to

10 gamma per square centimeter, the error was

usually less than 2 per cent. Although the X-ray

data were determined on the basis of pure metal

calibration, there was no significant correlation of

deviations with predictable absorption effects.

Pfeiffer and Zemany^° measured zinc, in con-

centrations from 1 to 15 gamma, by placing meas-

ured amounts of zinc sulfate solution on filter

paper. Counting rate linearity was achieved up to

15 gamma zinc indicating the absence of absorp-

tion effects. Calculations for 1 gamma zinc spread

over 1 sq cm indicate a thickness of only 10A.

Many recent papers have been published de-

scribing the microanalysis of thin sections of bio-

logical tissue. Evaluation is made by comparison

of the sample line intensity with the intensity of

the same line from a similar specimen with a

known quantity of element per unit of surface.

Felten, Fankuchen and Steigman^^ point up the

advantage and difficulties of filter paper anah'sis.

They suggest a technique involving the measure-

ment of fluorescent radiation inten.sities in pro-

gressively thinner samples as a possible solution

to the matrix problem. Absorbent filter papers

were impregnated with solutions of the samples
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to be studied, and intensities measured for thick-

nesses from 1 to 6 papers. Although the absolute

intensities for a binary system decreased as the

thickness of the specimen decreased, the extrapo-

lated values of the two-element systems for zero

thicknesses were calculated and found to be di-

rectly proportional to the ratios of the concentra-

tions of the elements involved. The absolute per-

centage of an element in a two-element system

could then be calculated from the limiting ratio

with an average error of less than 1 per cent.

However, if the unknown consisted of more than

two elements, this technique was insufficient and

several other, more lengthy and less accurate

methods were necessary.

E. L. Gunn^ defined the linear range between

intensity and concentration for the elements iron,

copper, titanium, calcium, strontium and molyb-

denum. Calculation of the critical depth for each

of the elements gave somewhat different values

than those actually obtained by measuring thick

samples of the various compounds, perhaps be-

cause of nonuniformities of the deposited samples.

The author concludes that a film technique to be

used in analytical apphcations is generally more

precise where an internal standard is employed,

because it compensates for any variation in the

film deposit.

An increasingly popular and valuable means of

isolating and concentrating elements is by ion-

exchange. The ion-exchange resin in membrane

form may be analyzed directly or the resin pre-

pared as a solid briquet.

Methods of Matrix Correction or Prediction.

Matrix effects can be qualitatively evaluated us-

ing a prediction technique such as the one devel-

oped by Mitchell." For example, in Fig. 4, the in-

tensity versus atomic number relationship for Mn
K alpha is developed on the basis of the mass ab-

sorption coefficient of matrix elements from

atomic number 10 to 92 at 2.10A. From this in-

tensity pattern, the results previously described

for manganese can be predicted—calcium, potas-

sium, strontium, and especially barium will absorb

manganese radiation highly, relative to its ab-

sorption by magnesium, aluminum and silicon.

From Fig. 5 information necessary for the analy-

sis of columbium alloys may be obtained, for ex-

ample, the enhancement effects of iron, titanium,

vanadium or zirconium on Cb K alpha, relative

to its intensity in tantalum or tungsten. This

technique may be developed a step further and

previously unmeasured intensities of an element

estimated on the basis of a continuous curve

(e.g.. Figs. 4 and 5) plotted from the measured

intensities of an element in a certain few key

matrices. Such predictions of fluorescent intensi-

ties may be extended to w4de concentration

ranges, and complete systems of calibration curves

constructed.

Momoki'* uses a nomographic technique for the

correction of matrix and other variables. Instead

of expressing X-ray spectrographic calibration

curves on a two-dimensional plane with counts

per second for the analytical line on one axis and

percentages or weights of the elements sought on

the other, Momoki uses a one-dimensional cali-

bration curve with these two variables on a single

line. A series of cahbration curves may then be

expressed as a series of single lines. A nomographic

arrangement controls variations in the measuring

conditions of his equipment, such as in tube cur-

rent, goniometer or pulse height analyzer settings,

or corrects for overlapping lines such as Cr K beta

and Mn K alpha. A somewhat more sophisticated

form of the technique was established to correct
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chromium in stainless and low-alloy steels for the

presence of nickel, molybdenum and tungsten.

Marti'^ determined the interelement effects in

the analysis of chromium in steels by using an

equation based on Sherman's'" in which the mass

absorption coefficients are replaced by ''influence

factors." His equation states that the corrected in-

tensity for Cr K alpha is equal to the measured

Cr K alpha intensity multiplied by the total of

the concentrations of each of the interfering ele-

ments times its influence factor for Cr K alpha.

The measured intensities of chromium in 10 stand-

ards each containing 5 per cent of an interfering

element were substituted in his equation, and the

influence coefficients calculated. They were found

to correspond practically to the mass absorption

coefficients of these elements for Cr K alpha ra-

diation. Marti points up the basic law of X-ray

analysis—the sample must be known in advance

before it can be analyzed. As he suggests, ''Either

it is necessary to determine the percentages of the

'n' constituents of an alloy successively by trials

or else a system of 'n' equations with 'n' un-

knowns must be solved, and in both cases the in-

fluence factors must be known in advance." Be-

cause of this he recommends that for quick

analysis with an automatic X-ray polychromator,

the digital output of the X-ray intensities should

be transferred automatically to a suitable analog

computer.
H. J. Lucas-Tooth" has calculated matrix cor-

rections at the Ferranti Computer Center in Lon-

don, England. He bases his work on several broad

assumptions: (1) Enhancement is regarded as

negative absorption and obeys the same laws. (2)

The absorption of element A by an element C is

linearly proportional to the percentage of C for

small concentration ranges. He tested his tech-

nique by analyzing a group of brasses, bronzes

and gun metals for copper.

Taylor, Kagle and Beiter'^ have developed a

graphical method for converting the composition

of ternary alloys from weight to atomic per cent

which may be extended to the approximate deter-

mination of ternary alloy compositions from flu-

orescent intensity measurements. Ordinarily the

calibration for two or more element combinations

requires a large number of calibration standards,

but by using their skew grid method, only three

binary calibration samples are necessary to obtain

an approximate analysis of a three-element alloy.

The basis of the method which was appHed to Bi-

Te-Ge combinations is the superimposing of a com-
position triangle on a fractional count triangle.

Many applications have been made of Ander-
mann and Kemp's technique'® for reducing the

interelement effect problem. They showed under
a variety of experimental conditions that properly

chosen wavelengths of scattered radiation from a

sample will act in the same way as internal stand-

ards. The inconvenience of weighing and mixing

an internal standard for each analyzed element

may be avoided and instrumental variations, as in

kilovoltage, amperage, and sample placement re-

duced. Several experiments indicated that the

scattering ratio technique sometimes compensates

for absorption effects, as the scattered intensity

varies with the atomic number of pure materials

in a definite pattern. The absorption effect of iron

on nickel, for example, was ehminated by ratioing

nickel intensity to scattering at 0.6A.

The description by Sermin and Tyras"° of the

ARL-BISRA Calculator illustrates the fact that

interelement effects are systematic and to a large

extent predictable. The calculator was designed to

give ready access to the information necessary to

calculate the magnitude of, and corrections for,

matrix effects. It presents the necessary data to

predict the effect of any of 74 elements on the

determination of any one of them based on the

following: (1) the magnitude of the absorption

of a given emission line is a function of the total

mass absorption coefficient of the sample at that

wavelength, and (2) enhancement or mutual fluo-

rescence effects are dependent on the relative

positions of the wavelength of the excited emis-

sion lines of the elements present in a sample and

the absorption edges of the element being deter-

mined. The authors illustrate the effectiveness of

the calculator by developing corrections for the

effects of nickel on copper, and iron on chromium
in steels. The present status of the matrix problem

can be summarized in their words, "Looking to

the future, the solution of the interelement effect

problem is probably much closer to hand than is

realized. The modern trend is to equip the auto-

matic X-ray spectrometer with a digital print-out

system which could feed directly into a computer
programmed with a set of constants relating to

the particular samples to be analyzed. With ade-

quate programming the computer might apply

these constants when and where necessary, cal-

culating first the percentage of the elements ex-

hibiting little interelement effect and from these

results determining the more difficult ones. This

undoubtedly results in the need to determine all

major concentrations, a requirement easily ac-

complished by the X-ray fluorescence technique."
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resin is then remoyed and pressed into a pellet

which is used as the sample. For quantitatiye

analysis all three methods require preparation of

a standard curye, fluorescence intensity ys. amount

of element, using known solutions.

These methods will find widest appHcation to

trace analysis of solutions where the element of

interest is present in such small concentration that

direct X-ray methods are not apphcable. They

haye already been used for the determination of

cobalt in concentrations of 1 Mg per liter,^ potas-

sium in the range of 5 to 150 Mg in 75 ml,^ uranium

at concentrations of a few parts per milhon in 500

ml samples of barren uranium leach liquors,"-
^

and 10 ml samples of 0.1 M Ca(N03)2 containing

strontium in the range of 20 to 1000 ^g-*
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In many applications of X-ray fluorescence

analysis the element of interest exists as an ion

(positiye or negatiye) in solution. Sometimes the

ion can be remoyed with an ion-exchange resin,

in a form that can be presented to the X-ray

beam with a minimum of manipulation and con-

siderably concentrated oyer the original solution.

Three general procedures haye been used: (1)^ A
small sciuare or disk of ion-exchange membrane is

equilibrated with the stirred solution, remoyed
and used directly as the sample. (2)'' ^ Ion-ex-

change resin is added to the solution, equilibrated

with stirring, filtered off and added as a slurry to

a liquid sample cell. (3)* The solution is poured
through a column of ion-exchange resin, and the
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K-CAPTURE SPECTROSCOPY: PRINCIPLES, SOURCES AND

APPLICATIONS*

K-capture spectroscopy is a modification of the

older and more general method of analysis by X-

ray absorption (q.v.). A radionuclide which emits

X-rays by the K-capture process is used as a

source. Although the term K-capture spectroscopy

has been apphed only to the use of a K-capture

source for X-ray absorption, it could logically be

used for other possible spectroscopic applications.

K-capture is a type of nuclear reaction which

over 100 radionuchdes undergo. One of the two

s-electrons in the innermost or K-shell of an atom

is pulled out of its orbit and is captured by the

nucleus. When the vacancy in the K-shell is filled

by an electron from an outer shell, the ^excess

energy is emitted as the characteristic Ka and

K^ X-rays of the newly formed element. Thus,

iron-55 forms manganese-55 which emits charac-

teristic manganese Ka and K^ X-rays. The gen-

eral principles of X-ray absorption analysis apply

also to K-capture spectroscopy.

To be most useful as a source, a radionucHde

should preferably emit no radiation, such as

gamma rays or beta particles, other than the es-

sentially monoenergetic X-rays produced by K-
capture. However, it is possible in practice to use

a source emitting some high-energy gamma radia-

tion, since its absorption in the sample could be

small and it could, additionally, be included in

the background correction. Low-energy beta par-

ticles might be eliminated by absorption in the

source. A useful radionuclide should also have a

reasonably long half-life; it should be available

at a reasonable price; and it should lend itself to

the preparation of a convenient source.

Some three dozen radionuclides decay with httle

or no emission of radiation other than K-capture

X-rays. Many more emit other radiation in addi-

tion to X-rays. Of pure K-capture nuclides other

than iron-55, nickel-59 is available but very ex-

pensive, and the others are either not available

or have half-lives which are too brief. In addition,

some K-capture nuclides are available which do

emit additional radiation but which might, never-

theless, be useful under some circumstances. These

include vanadium-49, manganese-54, zinc-65,

strontium-85, cadmium-109, tungsten-181 and

gold-195.

The X-rays emitted by an element are absorbed

only minimally by that element and by the ele-

ments located closely above it in the periodic

table, but are absorbed quite strongly by elements

located somewhat below it. Figure P illustrates

this principle for manganese X-rays from iron-55

K-capture. The absorption relationships can be

* /See also following article.

used as a guide in predicting the usefulness of the

iron-55 source for the determination of a particu-

lar element in the presence of others. It should be

possible, for example, to determine calcium m the

presence of manganese, or sulfur or chlorine m
the presence of carbon, hydrogen, nitrogen and

oxygen. On the other hand, chlorine could not be

determined in the presence of varying amounts

of sulfur, or vice versa.

Known pure K-capture radionuclides emit X-

rays that cover a range of wavelengths from about

O.iSA to 4.7A. For any particular radionuclide

other than iron-55, the absorption edge shown in

Fig. 1 would be shifted either to the right or to

the left. By suitable choice of a source one could

thus provide for the determination of a variety

of elements in many compositions of matter.

The possibihties may be increased even more

by using two sources, chosen, for example, from

Table 1, for an analysis. The possibility of deter-

mining an element in a group of those absorbing

strongly, in the presence of others in the same

group, would not be good. However, the consider-

able overlap in the strongly absorbing elements

from one group to the next, taken together with

the absorption-edge effect, offers possibihties for

specific analyses. Thus, for example, by the use of

two sources, manganese-54 and iron-55, a specific

method for vanadium might be devised.

K-capture X-ray absorption may thus be used

to determine a highly absorptive element in the

presence of elements of low absorption. It may

also be used to determine a highly absorptive ele-

ment in the presence of other highly absorptive

elements, provided the concentrations of the latter

remain constant from sample to sample. But even

in the first category, constancy of composition of

the matrix is necessary to the extent required by

the desired accuracy. Of course, even two or niore

strongly absorbing elements may be determined

together if they are always present in constant

proportions to one another.

The equipment reciuired consists of the source,

a sample holder, a radiation detector, a standard

absorber, and a recorder, such as a ratemeter, or

a scaler and register with a preset timer or

counter."

The original instrumentation" was devised for

the analysis of liquid samples, specifically for the

determination of sulfur in petroleum hydrocar-

bons, with an iron-55 source. This instrument was

later modified'' so that solid samples could be

anah'zed directlj'. A definite weight of solid

sample is pressed into a flat disk and inserted into

a slot in front of the shutter on the source holder.

A third type of instrument' has been described for

carrying out analyses on plant streams. This in-

corporates features designed to afford good fluid

flow, ease of cleaning, pressure tightness to 50
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Fig. 1. Mass absorptivity of elements for ii'on-55

K-captiire X-ray.

Table 1. Some K-Capture Radionuclides. ^

... , ,, Atomic Num-
Wavelength ^^^^ ^f Strongly

, ,- ^, Absorbing
of K X-ray Elements

Atomic
Number

Element

23 V 2.75 12-21

25 Mn 2.29 14-22

26 Fe 2.10 15-23

28 Ni 1.79 19-26

30 Zn 1.54 21-28

psig, extreme compactness and inherent shield-

Iron-55 may be obtained as a product of the

nuclear pile by the reaction Fe'* (n, 7) Fe'^ A
pure K-capture isotope, it emits no beta particles

or gamma rays. However, if produced as indi-

cated, it is accompanied by iron-59 (a beta- and

gamma-emitter) because of the presence of iron-58

in the target. Because iron-59 has a half-life of

45.1 days, and iron-55 2.94 years, a fairly pure

iron-55 source may be obtained by decay. Iron-55

may also be produced in an accelerator from man-

ganese-55, by either of the reactions Mn'" (d, 2n)

Fe'' or Mn" (p, n) Fe". Such a preparation has

no iron-59. For use as a source, the radionuclide

is plated out on the end of a brass rod and is

protected with a thin coating of platinum. The
metallic housing in which the rod is kept serves

as sufficient shielding to avoid any radiation haz-

ard. The apparatus is so arranged that the shutter

cannot be opened to allow X-rays to emerge

without a barrier to radiation in all directions, ex-

cept through the Geiger tube or other detector,

being automatically put in place.

The intensity of the unobstructed source is too

great to allow its transmission to serve as the

reference value for calculating the relative trans-

mittancy of samples. The reference value is there-

fore always measured by interposing between the

source and detector an aluminum absorber of a

definite thickness which serves as the standard

zero reference. Since the values for the mass ab-

sorptivities of a number of elements calculated

from data obtained with the iron-55 source agree

with published values obtained by more conven-

tional means,- it should be possible to calculate

concentrations of a given element in a sample if

the content of the other elements present is

known. For petroleum hydrocarbons" one can,

therefore, knowing the ratio of carbon to hydro-

gen in the sample, calculate values for sulfur

which are not dependent upon calibrations ob-

tained from suKur values determined by other

methods, such as lamp or bomb analyses. For

routine determinations in petroleum products in

the range 0.05 to 2.7 per cent sulfur, in a petro-

leum refinery laboratory, with elements other than

carbon, hydrogen and sulfur absent in quantities

above 0.01 per cent, sulfur may be determined

with a reliability of about ±0.05 per cent sulfur

(twice the .standard deviation).

For samples of more complex composition, one

may determine a specific element by the use of an

empirical calibration curve, if the samples vary

only in the concentration of the element to be

determined. Variations in composition otherwise

must be small enough to cause only negligible

errors in the determination. For example, the

solid-disk technique, with an iron-55 source, has

been used for the routine, control determination

of chlorine in plant samples of chlorobenzan-

throne.^ The calilDration curve was based on chlo-

rine values obtained by chemical analysis. For

samples ranging from 9.5 to 13.5 per cent chlorine,

a standard deviation of the K-capture values

from the values by chemical analysis was ±0.23

per cent chlorine. The deviation comprises the

errors of both methods.

The iron-55 source has also been used for con-

tinuous analysis in the plant.^ One apphcation in-

volved the determination of calcium, which was

present as a calcium soap dispersed in petroleum

oil. Calcium and oxygen were present in a fixed

ratio to each other and the sulfur content was

constant for a given shipment of oil. The cali-

bration curve was based on sulfated ash values.

Another application was the monitoring for am-
monium chloride of wash water which had re-

moved that compound from a bubble-cap section

of a scrubber tow^er. The ammonium chloride

content dropped from 6 per cent to less than 0.1

per cent during the washing. Attainment of a

predetermined concentration was signaled bj^ the

method as the point at w^iich to stop the washing

operation.
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K-CAPTURE X-RAY ABSORPTION ANALYSIS: INSTRU-

MENTATION AND TECHNIQUES*

The K-capture decay of certain radioactive iso-

topes affords compact, stable, and relatively in-

expensive sources of monoenergetic X-radiation

which are readily adaptable for routine analytical

use. The apphcation of K-Capture Spectroscopy

was introduced in 1954 by Hughes and Wilczewski

who utihzed the soft X-rays from isotopic iron-55

for determination of total sulfur in liquid hydro-

carbons.^ Later workers using similar apparatus

extended the technique to the determination of

chlorine or bromine in difficultly soluble sohd

organic samples." The associated instrumentation

used consisted of a rather speciahzed Geiger

counting assembly. Recent developments during

extensive apphcations of the method to analysis

of total chlorine in a variety of organic materials

have enhanced the general utihty of the tech-

nique, primarily as the result of equipment modi-

fications.^ These changes have included incorpora-

tion of a proportional counting assembly for

high-speed counting, which improved precision

and reduced analysis time; a microthin window

flow-type detector for long-term detector stabil-

ity; and conventional shelf-type mount to hold

detector, source and sample cell at fixed repro-

ducible geometry, and to permit general counting

flexibility. The general principle of the method
together with latest developments in apphcation

of iron-55 K-capture analysis are summarized be-

low.

In the decay of iron-55 the atomic nucleus cap-

tures an electron from the K-electronic shell and

thus becomes transmuted into stable manganese-

55, with the attendant emission of soft K-line X-
rays of manganese having an effective wavelength

of about 2.05A (0.0059 mev). Since the half-hfe of

iron-55 is 2.9 years, the isotope is a safe and con-

venient source of monoenergetic soft X-radiation

for analytical use.

The absorption of these X-rays increases mark-

edly with the atomic number of the absorbing

material, as illustrated in Fig. 1. Note that the

absorption coefficients of the low atomic number
elements carbon, hydrogen, and oxygen, the ma-
trix elements of organic materials, are significantly

lower than those of higher atomic number ele-

ments such as sulfur or chlorine. This wide margin

in absorptivity provides the basis for analysis of

a single high atomic number element in low

atomic number matrix material.

The usual technique of analysis involves passing

a beam of X-radiation through the sample mate-
rial supported at fixed reproducible geometry be-

* See also preceding article.
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Fig. 1. Mass absorption coefficients for iron-55

X-radiation vs. atomic number.

tween the iron-55 source and the detector, meas-

uring the intensity of transmitted radiation by
conventional proportional counting facilities, and

relating the logarithm of the transmitted X-ray

count rate to the concentration of the element of

interest by reference to a calibration curve for

identical amounts of the matrix material contain-

ing known amounts of the element being deter-

mined.
The major components of the apparatus are

radioactive source, sample absorption cells and
counting facilities. Isotopic iron-55 is available

from the Oak Ridge National Laboratory', Oak
Ridge, Tenn., either in the form of ferric chloride

in HCl solution or as a speciallj^ fabricated source

of elemental iron fused to a small platinum disk.

A sealed source can be easily prepared from the

ferric chloride solution by evaporating the solu-

tion to dryness within a small counting cup and

then covering the active deposit with a thin film

of cured epoxy resin. An initial source intensity of

4 millicuries is adequate for several years.

Sample cells with beryllium windows are used.

A typical cell for volatile liquid samples is shown
in Fig. 2. The internal cell thickness is around 4

mm. A simpler cell used for solid or nonvolatile

liquid samples is shown in Fig. 3. A fixed amount
of the sample for analysis is weighed directly into

the center of the cell and allowed to distribute it-

self into a laj'er of uniform thickness. This cell
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can be used either with or without a demountable

upper window.
The counting apparatus is a conventional pro-

portional type assembly, illustrated in Fig. 4. The

detector, attached to the top of the sample

holder, is a microthin "Mylar" window flow type

to permit long-term stability. The sample holder

iiiL,|

Am

Fig. 2. X-ray absorption cell for liquid samples

(cell compartment beneath window).

^*r»rnjM.}m|M«^M|M^i»^.|»|M»|M«|'J^|»PJ

Fig. 3. Open type X-ray absorption cell.

is slotted for several different sliding shelf posi-

tions for supporting the radiation source, absorp-

tion cell, and detector at fixed reproducible ge-

ometry. The proportional counting gas for the

detector is a mixture of 90 per cent argon-10 per

cent methane. The scaler as.sembly consists of

electronic scaler and timer, nonoverloading am-

plifier, and high voltage supply.

The usual time of analysis, including sample

preparation and calculation of results, is less than

five minutes. Because of the high counting rates

attainable by proportional counting without de-

tector resolution losses, the counting time re-

(luircd for a given statistical counting precision is

only a fraction of that required by Geiger count-

ing. The amount of sample material used for

analysis is the maximum which will permit good

counting statistics within about three minutes'

counting time over the concentration range of

Fig. 4. Proportional counting assembly
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the element to be determined. Usually a minimum

of 100,000 total counts is collected for each deter-

mination, giving an approximate standard count-

ing deviation of 0.3 per cent.

The major errors inherent in the method are

errors contributed by counting statistics, nonre-

producible geometry in the counting arrange-

ment, and variations in the base stock composition

of sample material. The minimum concentration

of chlorine or sulfur detectable by the method is

around 0.01 per cent. For the determination of

homogeneous liquid samples results are normally

accurate to ±0.02 per cent w concentration at con-

centrations below 0.5 per cent. At concentrations

in the 10 per cent range an accuracy to within

±0.2 per cent concentration may be achieved. Ap-

plication of the technique is limited to technical

grade and finished products.
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K-LINE QUANTUM YIELDS FROM THE LIGHT ELEMENTS

In the extension of X-ray emission microanalysis

techniques to the elements of low atomic number
(Dolby and Cosslett, 1960 ;5 Dolby, 1961 ") the

need for quantitative information on the K-line

yields from representative light elements became
apparent. The quantum yields from carbon (Z = 6;

Xk = 44A) and aluminum (Z = 13; Xk = 8.34A),

with accelerating voltages up to 10 kv, were there-

fore measured. The results of this investigation,

reported elsewhere (Dolby, I960),* are summarized
here and compared with recent measurements by
Green^ on copper (Z = 29; Xk = 1.54A), a repre-

sentative element of medium atomic number.
Method of Measurement. The apparatus used

in the absolute intensity measurements is shown
in Fig. 1. In this arrangement the attempt is to

obtain as nearly a direct measure of the quantum
yields as is possible. The use of a proportional

counter and pulse-height analysis for wavelength
discrimination overcomes many of the quantum
efficiency uncertainties of the classical mono-
chromators. Because of the poor energy resolution

of the proportional counter, however, the con-

tinuous radiation becomes significant and must be

subtracted appropriately from the pulse height

distribution peak due to the K-line.

For the measurements shown in Fig. 2, a 6^

Mylar counter window was used. Quite apart

from its strength and availability, a Mylar window
of this thickness is a logical choice for the detec-

ton of carbon radiation because of its mono-
chromatizing effect; the continuous radiations on
both sides of the carbon line are greatly attenuated,

while at the carbon wavelength the transmission

is about 10 per cent. At the aluminum wavelength

electron
qun
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prop,

counter

specimen

^1^

pen

recorder

current

meter

rate

meter

^-ht.
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^v=
— _^

remote controlled

window

Fig. 1. Block diagram of apparatus used for

absolute intensity measurements of carbon and
aluminum X-ray K-lines. (Reproduced by courtesy

of Brit. J. Appl. Phys.)

the transmission is about 50 per cent. The carbon

and aluminum measurements were made with the

counter inclined at 33° to the specimen surface,

with a 0.47 steradian solid angle of collection.

The efficiency data were obtained simply by
measuring the incident beam current and noting

the count rate in the pulse-height distribution

peak. For the carbon and aluminum curves almost

all the measurements were made with currents in

the range IQ-^^ to lO'^ A and 1000 to 10,000 pulses

per second. Typical count rates obtained were:

10,000 pulses per second from carbon, using a

current of 2 X lO'^ A at 1 kv; 10,000 pulses per

second from aluminum, using a current of 10~^° A
at 5 kv.

Several corrections were applied to the observed

intensities. For carbon: continuous radiation, un-

recorded quanta in the low energy tail of the pulse-

height distribution, ratemeter dead-time, window
transmission, and specimen surface condition. For

aluminum: continuous radiation, ratemeter dead-

time, window transmission, and proportional

counter absorption efficiency. All these corrections

were only to compensate for non-ideal experi-

mental and instrumental conditions; no correc-

tions were made for the absorption of the gener-

ated X-rays within the target itself. For this

reason the carbon curve begins to bend over at

about 4 kv.

Discussion. The curves in Fig. 2 have been

plotted in a way which is most meaningful for

microanalysis. The efficiencies are given as a func-

tion of accelerating voltage Vo instead of an over-

voltage ratio Vo/Vk (where Vk is the excitation

voltage). The overvoltage ratio presentation,

which shows a rising efficiency with atomic num-
ber, is adopted in theoretical discussions of X-ray

intensities, but it obscures the fact that at a given

accelerating voltage an element of low atomic

number will have a greater quantum yield than

one of high atomic number.
The light element results may be compared with

the theoretical K-line intensity predictions of

Archardi and Green and Cosslett. '^ For aluminum
the observed efficiency at 5 kv, for example, is

about twice as great as that predicted by Archard;
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Fig. 2. Thick target K efRciencv, NK/47r (quanta per electron per steradian), as a function of acceler-

ating voltage Vo. Copper curve is 'for Ka/1.2; carbon and aluminum curves are for total K production

(carbon being a single broad line).

(l)Dolbv,1960
(2) Green, 1962

agreement with Green's theory is better, the ex-

perimental value being only about 10 per cent

high.

For carbon at 2 kv the observed efficiency is

about 7 times that predicted by Archard, but, as

with aluminum, there is good agreement with

Green's value, the difference being less than the

probable experimental error (a few per cent) if

the fluorescence yields proposed by Burhop^ are

used in the theoretical formula. Although Green's

theory does not include absorption in the target,

self-absorption is unimportant in aluminum and

carbon at the mean take-off angle (33°) used in

the experiments and at the voltages used in the

comparisons.

The observed Ka efficiency of copper, obtained

from Green,8 is shown in Fig. 2 not only for its

reference value but to demonstrate, in com-

parison with the curves for carbon and aluminum,

the fallacy of a commonly held belief that light

element characteristic X-ray intensities are neces-

sarily low. It should be noted that the yield from

copper at 20 kv is the same as that from aluminum

(K a, |S) at only 5.8 kv and from carbon at only 2.3

kv.

The carbon and aluminum efficiencies shown in

Figure 2 are generally confirmed by the experi-

mental work of Green. However, a recent note by

Campbell and Gibbons^ reports that the yields

from these elements were measured and found to

be only about half those shown here. The reason

for this discrepancy is uncertain. The full pub-

lished accounts of the measurements by Green

and by Campbell and Gibbons, which in both

cases are more comprehensive than those of the

author, are awaited with interest.
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KAOLIN MINERALS. See Layer-Lattice Silicate Structures.

KERATIN FIBER STRUCTURES. See Protein Fiber Structures,

especially Keratins.

KINETICS AND PHASE TRANSFORMATIONS. See Alloys:

(Copper-Gold) V.

KIRKPATRICK X-RAY MICROSCOPE. See Optics, Total

Reflection X-Ray.
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LAMINOGRAPHY, AXIAL TRANSVERSE

Axial transverse laminography is the method of

taking roentgenograms of the cross section of the

body perpendicular to the body axis. The method

was devised and advanced by many pioneers:

Watson, Vallebona, Gebauer, Takahashi et aU'^

The X-ray tube and two rotation tables, A and

B, are arranged so that the focal spot of the tube

and the axes of two rotation tables are contained

in a single vertical plane (Fig. 1). The X-ray

tube is set in such a high position that the cen-

tral X-ray beam makes an angle of 20° with the

film surface. The patient stands on the rotation

table A, and a film is placed horizontally on the

table B. The two tables are rotated synchronously

from 0° to 180° or more during exposure. Then
the cross section of the body is imaged on the

film. The part of the body cross-sectioned is the

horizontal plane which contains the point of the

rotation axis of the table A intersected by the

central X-ray beam.
The thickness of the cross section is influenced

by the inclination angle of the central X-ray
beam. When this angle is about 15°, the thickness

becomes 0.5 mm.
a + h

The X-ray image is enlarged where a

is the focal spot, table A distance, and h is the

distance between two tables.

There are two types of axial transverse lamino-
graphs, vertical and horizontal. Generally the

former is used. The latter (Fig. 2) is, however,

Fig. 1. Scheme of axial transverse laminographv.
T: X-ray tube.

TB: Rotation table B, on which a patient is

placed.
TA: Rotation table A, on which a film cassette

is horizontally placed. The cross section of

the body is imaged on the film.

Fig. 2. Scheme of axial transverse laminograph

of horizontal type.

Ti: X-ray tube to be used for axial transverse

laminagraphy,
Tz: X-ray tube for normal roentgenography.

C : Rotation center of the unit.

F: Film cassette.
. [

B: Photographic table.

M : Electric motor.

considered better than the former especiallj^ for

planning of rotation therapy, as the patient usu-

ally assumes a reclining position for roentgenogra-

phy and therapy.

This method is applicable for the radiography

of any part of the body (Fig. 3). The merit of

this roentgenography is that it helps to gain

knowledge of the three-dimensional construction

of the body, while the usual roentgenography

gives only two-dimensional images.

Combined use of the usual laminography and
axial transverse laminography enables the radiol-

ogist to photograph section figures of the body in

all directions.

Axial transverse laminography reveals many
diagnostic details when used for lesions of the

mediastinum, or diseases of the abdomen com-
bined with pneumoperitoneum, retroperitoneal air

insufflation, etc.

For radiation therapj^ it is also useful in deter-

mining the location, size, and invasion, or metas-

tasis, of neoplasm in the bod}-.
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Fig. 3. Axial transverse laminagraph of chest.

S: Scapula. T: Trachea.

R: Ribs.

L: Lung field.

V: Sjnne.

A
ST

Aorta.
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LANG TOPOGRAPHIC TECHNIQUE. See Dislocation

Movement and Alignment; Topography.

LASERS. See Phosphor Industry.

LATITUDE, PHOTOGRAPHIC. See Detectors of Radiation.

LATTICE PARAMETERS. See Imperfect Crystals: Precision

Measurement of Interplanar Spacings; Parameters of

Crystal Lattices l-lll; Silver Halides.

LAUE METHODS. See DifFraction of X-Rays: Basic Ap-

paratus and Techniques; Fifty Years of X-Ray Crystal

Analysis.

LAUE PATTERNS. See Orientation of Large Single Crystals.

LAYER LATTICE. See Layer-Lattice Silicate Structures;

Parameters of Crystal Lattices.

LAYER-LATTICE SILICATES: IDENTIFICATION AND ANALY-

SIS BY X-RAY DIFFRACTOMETRY

X-ray diffraction techniciues have become in-

dispensable in the identification and analysis of

clay minerals and other layer-lattice silicates. The

subject of X-ray identification and analysis of

clay minerals and other layer silicates has been

thoroughly reviewed in a book edited by George

Brown .^ The discussion of classification and iden-

tification of layer silicates by Warshaw and Roy'^

is also an extremely useful reference.

Since the most distinctive structural character-

istics of a specific layer silicate are the sequence

and thickness of the combination of tetrahedral

and octahedral sheets which form the unit layer,

measurement of the basal spacing usually permits

assignment to the principal groups. For the 1:1

group of layer silicates (kaolinite, dickite, nacrite,

etc.), the thickness of the unit layer is approxi-

mately 7A. It is 9.2A for the talc and pyrophyllite

members of the 2:1 group, and 10 to 14A for the

other 2:1 structures such as mica, chlorite, ver-

miculite and montmorillonite.

In addition to the layer thickness, the b-dimen-

sion of the unit cell may also be useful in the

analysis and identification of a layer sihcate.

Structures in which two of three possible octa-
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hedral sites are occupied by cations are designated

as dioctahedral; those in which all octahedral

sites are occupied are referred to as trioctahedral

minerals. The b-dimension of dioctahedral min-

erals is approximately 9.00 to 9.12A, whereas that

of trioctahedral minerals is in the range 9.18 to

9.24A. This is most readily measured by the spac-

ing of the 060 reflection (1.50A for dioctahedral,

and 1.53A for trioctahedral minerals.

In addition to structural differences, variations

in chemical composition in layer sihcates may
also be ascertained by X-ray diffraction tech-

niques. (See Brindley and Gillery.^) In particular,

Brown* has called attention to the effects of iso-

morphous substitution on the calculated intensi-

ties of the basal reflections of mica and chlorite

minerals.

Sample Preparation. Many layer-siHcates such

as the micas, chlorites, and vermiculites, may occur

as macroscopic crystals as well as submicroscopic

particles. Some of the layer sihcates commonly
referred to as clay minerals such as montmoril-

lonite and kaolinite, occur only as submicroscopic

particles. Depending upon the size of the crystals

the sample may be in the form of macroscopic

single crystals, as a finely divided powder, or as a

thin film or oriented aggregate. In the case of

clay minerals, separation from coarser materials

by dispersion, centrifugation or sedimentation is

usually necessary.^

For measurement of basal spacings (000 of

layer sihcates of submicroscopic size, specimens

having preferred orientation are prepared by al-

lowing an aqueous suspension to dry on a glass

slide, or by depositing the clay by centrifugation

as a thin oriented film on a porous ceramic tile.^'^

Measurements of the spacings of the 060 and

hkl reflections usually are made on powder sam-

ples with random orientation. Rich^* has described

a technique for measuring the 060 spacing which

involves making a transmission pattern of an

oriented film deposited on aluminum foil. Powder
samples of macroscopic layer silicates may be

prepared by wet-grinding or filing to appropriate

size; powder samples of the submicroscopic clay

minerals may be prepared by drying the samples

from nonaqueous and preferably nonpolar liquids

such as benzene. For film techniques the powder
sample may be prepared by filling a capillary

tube or by mounting in a wedge-shaped holder.

For analysis on the X-ray diffractometer the

sample is mounted in a plastic or metal slide

which has a well or cavity in such a manner that

preferred orientation is minimized."

Identification and Qualitative Analysis. Dis-

tinctions between major structural groups as well

as within groups may be made on the basis of the

height of the fundamental repeat unit and
whether or not the basal spacing is invariant on
mild chemical and/or thermal treatment. 1:1

structures having an invariant basal spacing in-

clude kaolinite, nacrite, and dickite; halloysite

may have a variable spacing between 7 and lOA,

depending upon the degree of hydration. These

minerals may be caused to expand when treated

with very high concentrations of potassium salts

such as acetate and carbonate .° 2:1 layer silicates

having an invariant basal spacing include talc,

pyrophyllite, mica, and chlorite; the basal spac-

ing of montmorillonite and vermiculite minerals

may be caused to decrease from 14 to 15A in the

air-dry state to 10 to 12.6A by mild heat treat-

ment (270°C) due to expulsion of a portion of

the interlayer water—these minerals may also be

caused to expand partially or completely, depend-

ing upon the saturating cation and solvating me-

dium. Thus, when montmorillonite is treated with

organic liciuids such as ethylene glycol or glycerol

the mineral expands to 17 or 18A. These shifts in

basal spacings on treatment make possible dis-

tinctions within the 2:1 layer sihcates.

Heat treatment at about 550°C will decrease the

basal spacing of montmorillonite and vermiculite

to approximately lOA whereas the basal spacing

of chlorite is unaffected. The basal peaks of the

kaolin minerals are caused to disappear by this

thermal treatment.

In addition to distinct minerals, mixtures of

two or more kinds of layers may be produced by

weathering. Many mixed-layer silicate minerals

consist of 2:1 layers, usually expandable layers

alternating regularly or irregularly with mica

units. In many cases the nature and proportion

of the various layers in the mixed-layer system

may be deduced from an analysis of the X-ray

diffraction effects.^'
''' ''

Quantitative Analysis. Brindley'^ has thor-

oughly reviewed techniques and problems in

quantitative analysis of layer sihcates. Techniques

which are used in quantitative and semiquantita-

tive analysis of layer sihcates include (1) standard

mixtures," (2) external standards, (3) method of

known additions, and (4) internal standards.

These techniques depend upon the possibility of

obtaining pure standard minerals similar to the

components in a mixture. This is most readily

done for kaolinite since its composition is essen-

tially constant. Other layer sihcates such as mont-

morillonites, micas, chlorites, vermiculites, etc.,

vary greatly in composition and choosing an ap-

propriate standard mineral is extremely difficult.

Johns, Grim, and Bradley** have described a

procedure for the semiquantitative estimation of

the composition of irregular and poorly crystalline

layer silicates. Intensities of 17A and 14A reflec-

tions of 2:1 layer silicates are expressed as lOA-

equivalents. For example, the intensity at 17A is

considered to be approximately four times that

which would be produced by the same amount of

material scattering at 10A.

One of the most difficult problems in quantita-

tive analysis of layer sihcates is that of preventing

or controlling the degree of orientation of par-

ticles. The method of McCreery" reduces this

some but does not eliminate it. Brindley and

Kurtossy^ have described the use of an organic

cement to produce a cement-clay mass which may
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be ground to produce a powder in which orienta-

tion effects are minimized.

The principles of quantitative analysis by X-

ray diffraction have been treated in an elegant

manner by Klug and Alexander.^^ Techniques for

quantitative analysis require powder samples m
which particles have random orientation. One dis-

advantage of this method is the decrease in sen-

sitivity compared to preferred orientation tech-

niques.
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LAYER-LATTICE SILICATE MINERALS: STRUCTURES BY

X-RAY DIFFRACTION

The development of X-ray diffraction provided

a direct method for the determination of the

atomic arrangement in crystals ; this technique has

been successfully apphed to a number of mineral

structures. The current status of the application of

X-ray diffraction to the structure analysis of layer

lattice silicates, including clay minerals, will be

briefly outlined in this article. The topic of X-ray

identification and crystal structures of clay min-

erals has been thoroughly treated in a recent book

edited by Brown.* Current progress in siHcate

structures has been described by Bradley." War-

shaw and Roy'' have recently discussed the classi-

fication and a scheme for the identification of

layer silicates.

The first analyses of the structures of muscovite,

kaolinite, and chlorite by Pauling''- '* were based

on general crystal-chemical concepts, supported

by X-ray diffraction data. Gruner'- ^ initiated the

structure analysis of the better crystalline clays

and Hendrick.s'"" followed with a long series of

crystallographic studies. The detailed work of

Jackson and West^^- ^® on muscovite was a basic

contribution and served to confirm the general

principles developed by Pauling. Only in recent

years have refined structure analyses been made.

Structure determination on minerals such as micas

which are similar to clay minerals, but which form

larger crystals, led to an understanding of the prin-

ciples which govern the structures of such materi-

als and made possible the development of the

general structural schemes of the different groups

of clay minerals.

As first suggested by Pauling,'''-' the funda-

mental structural units in layer silicates are (1)

sheets of tetrahedra consisting of O and OH
around the small Si, Al, and less frequently Fe^^,

and (2) sheets of octahedral groups of and OH
around the cations Al, Mg, Fe'^^ Fe'% and oc-

casionally other ions such is Li, Cr'*, Zn, etc. (See

Fig. 1.) The tetrahedral sheets consist of Si-0 or

Al-0 tetrahedra connected at three corners in the

same plane, giving a two-dimensional network of

hexagonal rings in the ideal case. The fourth un-

linked oxygen corners point in the same direction.

The octahedral sheets consist of hydroxyl ions in

two planes, above or below a plane of aluminum

or magnesium ions which are octahedrally coordi-

nated by the hydroxyls. Recent studies show that

there may be considerable distortion in both the

tetrahedral and octahedral sheets. These two

laA'ers combine in such a way that the unlinked

Fig. 1. A model showing the structure of kaolin-

ite, a 1:1 layer silicate. The lower sheet consists

of SiO* tetrahedra arranged in a hexagonal net-

work. The upper sheet is composed of aluminum
octahedra.
In Figs. 1 through 4 the Hght-colored tetrahedra

represent siHcon or aluminum in fourfold coordi-

nation with oxygen or hydroxyls. The shaded layer

represents aluminum, iron, or magnesium in octa-

hedral coordination with oxygens or hydroxyls.
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oxygens of the tetrahedra replace two-thirds of

the hydroxyls in one plane of the octahedral layer.

The remaining hydroxyls in this plane are at the

centers of the hexagons formed by the oxygens of

the tetrahedra. These tetrahedral and octahedral

sheets are firmly bound together to form layers

that are very stable ; forces between the layers are

usually weaker as evidenced by the pronounced

Fig. 2. A model showing the structure of mus-
covite, a 2:1 layer silicate. The white spheres rep-

resent the potassium ions. One-fourth of the silicon

in tetrahedral coordination is replaced by alumi-
num. Only two-thirds of the available octahedral
sites are filled by aluminum.

Fig. 3. A model representing the structure of

chlorite, a 2:1 layer silicate in which a brucite
sheet, Mg(0H)2, alternates with a mica layer.

One-fourth of the silicon in tetrahedral coordina-
tion is replaced by aluminum. All available octa-
hedral sites are filled by magnesium or iron in the
mica layer.

Fig. 4. A model showing the structure of mont-
morillonite, an expanding 2:1 layer silicate. Silicon

predominates in tetrahedral coordination with
minor amounts of aluminum being present. Two-
thirds of the available octahedral sites are filled

by aluminum, iron, or magnesium. An exchange-
able potassium ion and water molecules are repre-

sented in interlayer positions.

basal cleavage exhibited by the layer silicates.

Larger ions such as Na, K, Ca, as well as layers of

water molecules may occur between the layers of

certain layer silicates.

The layer lattice silicates may be divided into

two main structural groups on the basis of the

ratio of tetrahedral sheets to octahedral sheets in

the unit layer. A further division is made on the
basis of the cation content of the octahedral layer,

either 2 cations per half unit cell (dioctahedral) or

3 cations per half unit cell (trioctahedral). First,

the kaolin group is an example of a 1:1 structure

(Fig. 1), as it is made up of one sheet of tetra-

hedrally coordinated cations with one sheet of

octahedrally coordinated cations. The thickness or

height of a single 1:1 layer is about 7.2A. The 1:1

layer silicate group includes kaolinite, dickite,

nacrite, serpentine minerals and hallo^^site. The
other type of structure, which is the basic layer

of micas, chlorites, pj^rophyllite, talc, vermicuhtes
and the montmorillonite minerals is the 2:1 type

(Figs. 2, 3, and 4). for it is made up by combina-
tion of two tetrahedrally coordinated sheets of

cations, one on either side of an octahedrally co-

ordinated sheet. The thickness of a single 2:1 layer

is about 9.3A. In general, the 1:1 type laj^ers are

electrically neutral. The 2:1 layers often carry a
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negative charge due to isomorphous substitutions,

and these negative charges are balanced by posi-

tively charged ions or groups of atoms which oc-

cur between successive 2:1 layers. The layer height

for the minerals comopsed of 2:1 layers depends

on the size of the positively charged interlayer

group. In the micas K+ ions usually balance the

charge on the 2:1 layers and the thickness of a

mica layer is about lOA; chlorite is essentially a

2:1 layer plus an octahedral layer of the type

found in brucite giving a layer thickness of about

14A; in the vermiculites moderately hydrated

cations are found between 2:1 layers and the

height of a vermicuhte layer is about 14A. In the

montmorillonite minerals the balancing cations are

even more highly hydrated and the layer height

depends on the specific nature of the cation and

the humidity.

It is chiefly on the basis of these different layer

thicknesses that layer lattice silicates and particu-

larly the clay minerals are recognized by X-ray

methods; the X-ray diffraction pattern, since it

measures the distance between similar planes of

atoms, gives a direct measure of the tliickness of

the layers.

X-ray diffraction spectra ])rovide two kinds of

information: the geometrical distribution of re-

flections is a measure of the geometry of atomic

planes in the crystal, i.e., their interplanar spac-

ings and interplanar angles; the intensities and

phases of the reflections are related to the kinds

and arrangement of atoms in the planes. The in-

tensity of a diffracted beam depends upon such

factors as the wavelength of the X-rays, the scat-

tering power of a single electron, a term called the

structure factor, F(hkl), may be expressed as the

sum of a number of terms which are functions of

(1) the scattering powers of the individual atoms,

and (2) the relative positions of the atoms in the

unit cell. Diffraction intensities are proportional

to the square of the structure factor. The phase

constants cannot be determined directly from the

experimental measurements. It is necessary to first

determine the approximate positions of the atoms

in order to calculate the phase constants of the

\arious diffracted beams. By examining the pres-

ence and absence of reflections the symmetry and

crystal class of the structure may be determined.

The unit of structure or representative group of

atoms characteristic of each crystal is called the

unit cell. The cell dimensions (sides of the unit

cell) are written a, h, and c, corresponding to the

axes with those symbols. The concentration of

electrons varies c^uite irregularly from point to

point within the unit cell, depending on the posi-

tions and nature of the atoms therein, but it varies

Al b

C

Fig. 5. The structure of muscovite: (a) Close-packing model, (b) one-dimensional Fourier

synthesis of electron density normal to the ah plane (aftter Gatmeau and Mermg, 1958),

(c) bounded Fourier projection along the a-axis for the slab between planes at x - a/2 and

X = a. Contours plotted at intervals of 4 eA"'—zero contour broken. [(From RadosLovich,

^c^aCri/si. 13, 921(1960)]
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periodically throughout the crystal, since the crys-

tal is built up by regular repetition of the unit cell

in three dimensions.

A periodic function can be represented by an

appropriate sum of cosine and sine terms known as

a Fourier series. Since a crystal is periodic, its

electron density can be represented by such a

series; extensive use is made of the Fourier repre-

sentation of the electron density in crystal-struc-

ture analysis. If d is the spacing of the identity

planes, then the electron density distribution

along the z axis may be represented as the sum of

density waves of periods d, d/2, d/3, etc. As an

example, a one-dimensional Fourier synthesis

along the ^-direction for muscovite shows the elec-

tron density distribution normal to the cleavage

plane (Fig. 5).

When the details of the structure are worked

out to the point that phase constants of the strong-

est reflections may be calculated, a prehminary

Fourier synthesis is made utilizing the experi-

mentally determined intensities of these reflec-

tions. This generally gives more exact values of the

parameters of the atoms and makes possible the

calculation of the phase constants of some of the

weaker reflections. The Fourier synthesis is re-

peated incorporating the structure factors of more
reflections than before. In this way the Fourier

synthesis is used in a process of successive approxi-

mations. Computers have greatly lessened the

labor in making such computations.

Further refinement may be produced by a dif-

ference synthesis {Fo — Fc) (observed and calcu-

lated structure factors). Discrepancies between the

proposed structure and the real structure are ap-

parent on the difference map and the nature of

the correction is indicated.

The results of Fourier synthesis (usually in two
dimensions) are generally plotted in such a way
as to show electron density distribution along a

sequence of parallel planes. The distribution within

each plane can be regarded as hills and valleys in

the third dimension. The height of the function in

this third dimension is usually represented in the

two-dimensional section by drawing contours con-

necting equal values of the electron density in that

section.

For details of crystal structure analysis the

reader may consult books on this subject by Lip-

son and Cochran," Buerger,^ Bijvoet, Kolkmeyer
and Mac Gillavry^ and McLachlan.^®

Detailed structure analyses of layer-lattice sili-

cates which have been made recently include

vermiculite,"' "° dickite,^^- ^ prochlorite,^® corun-

dophillite,"^ and muscovite .^^

Projections of Fourier syntheses of dickite and

muscovite are shown in Figs. 5 and 6. Close pack-

ing models are also shown to indicate general fea-

tures of the idealized structures.

In several layer silicate structures examined re-

cently the hexagonal network of basal oxygen
atoms of the Si-0 tetrahedra has been shown to

be distorted, usually to an approximately trigonal

configuration .^°' ^^' ^ Xanthophyllite, a triocta-

hedral brittle mica, shows considerable distortion

of the hexagonal network (Fig. 7)."^ The detailed

study of muscovite by Radoslovich"^ shows that

the six-membered ring of the ideal tetrahedral

hexagons are reduced to a trigonal array of alter-

nate large and small tetrahedra, the large being

w ^ ,:^^

O.OH

O.OH

^-b/?

Fig. 6. Structure of dickite. (a) Close-packing
model, (b) Fourier synthesis of dickite in projec-
tion along the a axis, (c) Fourier synthesis of
dickite in projection along the h axis. [From
Newnham and Brindley, Acta Cryst. 9, 763 (1956)]

Fig. 7. Normal projection on to the ab face of

the sihca tetrahedra in xanthophyUite (after

Takeuchi and Sadanaga, 1959). Distortion of the

hexagonal network from the ideal is clearly seen.
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intermediate in size between the requirements of

Si and the requirements of Al. The basal triads m
muscovite are rotated about 13° from ideal posi-

tions.^^ In the case of the micas the distortions m
the oxygen network appear to be due primarily

to misfit between the tetrahedral and octahedral

layers.^-'' .

Further application of X-ray diffraction tech-

niques to crystal structure analysis of layer sili-

cates will reveal additional details of the ordering

of coordination polyhedra and provide a better

understanding of the physical and chemical prop-

erties of these minerals.
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LAYER MINERALS, RANDOMLY INTERSTRATIFIED

Layer lattice structures are characterized by

intimate associations of component atoms, usually

with substantial covalent bond character, in the

two lateral dimensions within a given layer, but

with less intimate associations between any mem-

ber of a given layer and any member of an adj acent

laver in a stacked sequence.

The stability of such articulated layer units is

such that extraneous matter of varied chemical

compositions may be intercalated between the

actual reference layer units, and such extraneous

material need not occupy equal volumes between

every pair of reference layers. The result is that

for such an assemblage, the phase angle lag for

radiation scattered by successive reference layers

assumes different values for different pairs of

neighbors, when observed at a given diffraction

angle. The articulated layer unit contains con-

siderable scattering matter, and establishes the

general shape of the layer transforms involved,

insuring that they be of similar shape.

For the well-substantiated analyses of natural

mixed-layer assemblages the number of different

phase angles involved have been small (2 or 3) and

their distributions within the sequence essentially

random. The scattering function relating to the

distribution of layers in such a system has been

formulated by Hendricks and Teller^ and con-

firmed by several other investigators. Scattered

intensities per layer are proportional to

F^'H
1 - 2C cos <? -h C2

where F is the structure factor for one layer,

evaluated along its normal, S is the Lorentz and

polarization factor, is the average phase angle,

and C is the sum of the products of the frequency

of occurrence of a given layer by the cosine of the

deviation of its phase angle from the average

phase angle (C = 2pi cos {^ - <t>i)). F^a represents

a potential of a given layer to afford diffracted

intensity at a given diffraction angle and the

cosine function is the efficiency with which this

potential is realized consequent to the failure of

exact regularity in the mixed system. The Hen-

dricks and Teller function has the property that is

assumes large values when the several phase angles

are all near integral numbers, but is small when

fractional values are abundant. Maxima are there-

fore disposed in nonintegral sequences with respect

to s'md/X. For real layers, layer structure factors

(and potentials) do in fact vary with composition,

but for practical purposes, those of related struc-

tures are sufficiently similar that verification of

the efficiency formulation has been achieved.

Three major groups of random mixed-layer

structures are encountered frequently in nature

among the clay and related minerals. They are:

(1) mixes of two or more hydration states in mont-

morillonite group minerals, (2) mixes of mont-

morillonite minerals with mica, and (3) mixes of

vermiculite with mica. Examples of the first type

are treated as monomineralic, inasmuch as they
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may be brought to a single state by equilibration

at some proper water vapor pressure. Examples of

the second type are encountered in the meta-
bentonites and of the third type, among hydro-
biotites. Typical "vermiculites" used commer-
cially for the preparation of expanded vermiculite
are almost always hydrobiotite in actual structure.

In addition to the random sequences less fre-

quent instances are observed in which two or more
kinds of layers intergrow in regularly, or nearly
regularly, alternating sequences. In such cases
their diffraction effects equal or nearly equal those
characteristic of a regular structure of period equal
to the sum of the component individual periods,
and their scattering maxima, normal to the base,
are subject to indexing as simple successions of

001 reflections.

Although detailed studies are lacking, it is pre-
sumed that mixed-laj^er phenomena exist in some
other silicate systems also, and they seem prob-
ably to have been encountered in soap systems.
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LINE BREADTH ANALYSIS: THEORY AND PRACTICE

The observed breadth of an X-ray diffraction

powder pattern line is determined by the combina-
tion of experimental conditions, the instrumental
broadening, and the defect state of the diffracting

material, the intrinsic broadening. X-ray diffrac-

tion line breadth analysis is thus divisible into two
independent problems: (1) the extraction of the
intrinsic line breadth from the observed line pro-
file, and (2) the interpretation of the intrinsic

breadth in terms of imperfections in the diffracting

material. Satisfactory solutions exist to the first

problem while the interpretation of intrinsic
breadths still awaits a complete solution.

Extraction of the Intrinsic Breadth from
the Observed Line Profile. Instrumental broad-
ening is due to the finite X-ray source size, im-
perfect collimation or focusing, incomplete

Fig. 1. The synthesis of the observed distribution
function, h(x), from the intrinsic distribution
function, f(x) and the instrumental broadening
function, g(x).

monochromatism, and other causes. Instrumental
broadening can and should be minimized and in
certain cases can be made negligible, but in general
it must be corrected for. Although attempts have
been made to calculate the instrumental broaden-
ing, this method has not proved generally useful.

Jones'^ method of determining the instrumental-
broadening function as the diffraction-line profile

from a material with negligible intrinsic broaden-
ing is the preferred technique.
Let the intrinsic intensity distribution be given

by the function /(x), and the instrumental broad-
ening function be given by g(x). Then, referring
to Fig. 1, each element of intrinsic intensity,

f(y)dy, is spread out by the broadening function
such that at a postion x on the observed distri-

bution it contributes an intensity

f(y)dy g(x - y). (1)

Integrating over all values of y we obtain for the
observed line intensity distribution function, h{x)

hix) f fiy) g{x - ij) dy. (2)

Eq. (2) forms the basis of all rigorous treatments
of the instrumental broadening correction. A
rapid but approximate solution can be obtained by
defining an observed, an instrumental, and an
intrinsic integral line breadth respectively as

B h (x) dx/h, (3a)

b = / g{x) dx/gmax, (3b)

^ =
I

fix) dx/U,^

.

(3c)
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Fig. 2. Curves for correcting line breadths for

instrumental broadening.

Curve (1) / (x) = exp (- a;'), g(x) = exp

Curve (2) / (x) =
, } , , g (x)
1 + x'~ 1 + K^ x^

Jones showed that for certain conditions which are

probably a reasonable approximation:

^/B = F{b/B), (4)

and hence if reasonable functions for g{x} and

f(x) can be found, by employing Eq. (2) and (3) a

general curve can be constructed satisfjdng Eq.

(4) such that by measuring b and B, (3 can be

obtained. For example, if:

fix) =
1 + x^

and gix)
1 + k-'x^'

/3/B = 1 - b/B, (5)

andif:/(a:) = exp (-x^) and g(x) = exp (-k'^x^)

{^/BY = 1 - {b/B)\ (6)

The use of these instrumental broadening correc-

tion curves is illustrated in Fig. 2. It has generally

been found that the gaussian distribution is the

better approximation and that Eq. (6), curve (1)

of Fig. 2, provides a reasonable correction for in-

strumental broadening. Actually many different

functions, empirical and analytical, have been

employed with this instrumental-broadening cor-

rection technique. However, the curve fitting re-

quired to find the functions g{x) and/(a;) and then

the construction of the correction curve is tedious

and hardly appears worthwhile in view of the

general and no more tedious Fourier analysis

technique introduced by Stokes which we shall

consider here later.

If Ka radiation is employed then the spectral

distribution part of the instrumental-broadening

function is a superposition of the on , and a2 com-

ponents. Except for small diffraction angles where

the doublet is completely unresolved or for large

diffraction angles w^here there is complete resolu-

tion, the approximations for the instrumental

broadening function as in Eqs. (5) and (6) are in-

applicable. Jones has given a method of taking this

into account based on a broadening function of

the form,

g{x) = g (x) + Mg'^x - 8)., (7)

where g' (x) is some assumed empirical or analytic

function as, for example, those assumed in deriv-

ing Eqs. (5) and (6).

5 = Ka^^ — Ka^ peak separation.

Equation (7) is based on the approximation that

the Ka^ and Ka, spectral shapes are identical and

that the Ka, intensity is twice the Ka„ intensity.

Probably because of the classical position of the

Jones article, this method appears to be the most

generally referred to, while a method generally

credited to Rachinger (in fact, several people ap-

pear to have discovered it independently and

many have contributed modifications) that re-

quires no assumption as to the shape of the in-

strumental broadening function, is preferable. The

original Rachinger procedure is graphical and sub-

ject to several criticisms but a recent numerical

formulation of the procedure by Keating^ is free

from most of these criticisms. For the line shape

problem, Keating's treatment may be reformu- i

lated as follows: Again assuming identical Ka^ and >

Ka„ spectral distributions and a KaJKa, intensity

ratio of one half, then employing Eq. (7) in Eq.

(2) we obtain for the observed intensity distribu- i

tion:

h{x) = h'(x) + V2h'(x - 5). (8)

Dividing the observed line into unit internals of
j|

the ai — ao separation, Eq. 8 becomes

h{n) = h'(n) + Hh'in - 1),

and similarly for all ordinates

h{n - 1) = h'{n - 1) + y2h'{n - 2), (9)

h{n - m) = h'{n - m) + M^'(^ 1).

Multiplying the m^^ equation of the set by {—H)""

and taking the sum of all the so weighted equations

we obtain

h'in) Y. (-1/2)- /iU
w=0

0. (10)

The procedure may be applied several times to a

given diffraction line, each time with a shift of

the zero position, so that the profile of the Ka,

component, h{x), can be obtained to an arbitrarily

fine scale. Having thus obtained the observed line

profile due to the Kai component alone the meth-

ods described previously for determining the

integral breadth can be applied.

A Fourier analysis method due to Stokes^ of

making the instrumental broadening corrections

solves the problem in general in principle. The

basis of this method is that if the two functions,
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f{x) and g(x), are folded (as the integration of Eq.
2 is called) to give a function h(x), then the

Fourier transform of h(x) is the product of the

Fourier transform of /(x) and g(x). Thus, repre-

senting the functions f(x) and g(x) by Fourier

series between the limits —^ia to +M«,

fix) = J^Fiz) exp (-2wixz/a), (11a)

g(x) = Y.G{z) exp {-2Trixz/a), (lib)

performing the folding operation of Eq. 2 we ob-

tain

h{x) = J^Hiz) exp (-27rixz/a), (lie)

where

H(z) = aF(z) G(z). (12)

G(z) and H (z) can be calculated for each value of

z from the experimentally obtained h{x) and g(x)

distributions by means of the relations

G(z)

/•a/2

''-all

g{x) exp {lirixz/a) dx

ral2

H{z) = a~^ / h{x) exp {2Trixz/a) dx

.

(13)

Hence from Eq. (12) we can obtain F(z) and via
the synthesis of Eq. (11a) the intrinsic broadening
function can be obtained, from which the intrinsic

breadth may be obtained. Unless high-speed com-
puting facilities are available such a procedure is

very tedious, taking several hours per line when,
for instance, the Lipson-Beevers^ strips method of

Fourier summations is employed. It has, however,
been shown by Rudman^ that, provided the in-

trinsic broadening function, f(x), is symmetric,
and this is generally an adequate approximation,
g(x) and h{x) being arbitrary, then the computa-
tional effort can be considerably reduced. In this

case only the cosine analyses in Eqs. (13) are re-

quired, G(z) and H (z) are real numbers and the
intrinsic integral breadth is given simply as

HiO)/G{0)
/>00

./

^
(14)

{z)/G{z) dz

Comparing the two procedures of intrinsic line

breadth determination presented here, the correc-

tion curve method epitomized by Eq. (4) is

certainly the more rapid and more precise, being
able to resolve smaller differences in intrinsic

broadening. The Fourier method is the more ac-

curate in that the so-obtained absolute value of

the intrinsic breadth is generally more reliable.

The intregral breadths as defined by Eqs. (3)

are not the only employed definitions of line

breadths nor are they necessarily the most
conveniently or precisely determinable. Half
breadths, B1/2 , 61/2 , and 181/2 , defined as the
peak breadth at half maximum intensity are fre-

quently employed. It is, however, difficult to treat

the half breadths theoretically but in practice half
breadths can be employed instead of integral
breadths to an approximation that is generally
within the accuracy of the intrinsic breadth de-
termination. The half breadth has no relevance
in the Fourier analyses instrumental broadening
correction method.
The problem of the instrumental broadening

corrections is by no means unique to X-ray dif-

fraction. It is a problem common to all types of

spectroscopy: X-ray, optical and radio. Several
alternative instrumental correction procedures
appear in the spectroscopic literature, and ap-
parently await the test of applicability to X-ray
diffraction.

Intrinsic Broadening. Crystallite Size Con-
tribution. For diffraction at the Bragg angle,
the waves scattered from all of the scattering units
of the crystal reinforce to yield an intensity
maximum. The perfection of this reinforcement,
and hence the intensity, decreases with increasing
deviation from the Bragg angle. The angular in-

terval over which the intensity is appreciable is

determined by the crystallite size. The intrinsic

line breadth due to the crystallite size, 13s , is

K
t cos

(15)

where

:

K = constant of the order of unity {K depends
on the reflection indices, the crystallite

shape and the definition of /3s and crystal-

lite size),

X = X-ray wavelength and
t = crystallite size (a. convenient and un-

ambiguous definition is the cube root of

the crystallite volume).

/3 is by convention given in radian units in 2d.

Wilson^ has rigorously discussed Eq. (15), but we
can gain some insight here through a simple der-

ivation. Consider- a crystallite of thickness, t, per-

pendicular to the reflecting planes. The path dif-

ference between the longest and the shortest

source-scattering unit-recorder paths is

M = 2t sin (16)

At the Bragg angle all units scatter in phase and
this path difference must be an exact multiple of

the wavelength. If the angle 6 is changed b}^ a smal'
amount, bd, the maximum path difference changes
by 2 t cos ebd. If 2 t cos dbd = X, then a scattering

unit at a distance, x, from the surface will scatter
180° out of phase from a scattering unit at a dis-

tance X -f t/2, and the intensity will hence go to

zero at ^

6(2^) =
t cos

Let us obtain an estimate of the order of magni-
tude of the crystallite size at which size broaden-
ing becomes important. Consider a line at = 60°,

and using Cu [Ka radiation, the instrumental
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breadth using good film or diffractometer tech-

nique is about 0.5°. Taking 13s ^ }4b as the thresh-

old for intrinsic broadening, then, employing Eq.

(15), we obtain that for t < 2000A crystallite size

broadening will be detectable.

Elastic Strain Contribution. Following plas-

tic deformation, materials are left in a state with

residual microstresses. There are thus regions in

tension where the interplanar spacing is slightly

greater than the stress-free value and these regions

will reflect at slightly smaller Bragg angles and

vice versa for regions in compression. The ob-

served diffraction line will thus be broadened due

to the superposition of diffraction from these

regions.

Consider a reflection from a region in a state of

strain of amount, e, such that the interplanar

spacing is d(l -f e). This region will reflect at a

Bragg angle 6 + dd such that

2d(l + e) sin (d + 86)

and hence.

e tan 6.

(17a)

(17b)

Assuming tan d to be constant over the width

of the line, then the X-ray diffraction line profile

is equivalent to a graph of the volume fraction of

the specimen having a strain, e, as a function of e.

The breadth of the X-ray diffraction line, ^e ,
is

thus 2 tan d times the breadth of the strain dis-

tribution function.

If the strains are statistically isotropic, then (3e

is proportional to tan d. Most crystals are not

elastically isotropic and hence some crystallo-

graphic directions are more easily strained than

others and appreciable deviations from the tan 6

proportionality are to be expected. The accounting

for this anisotropy of strain has been reviewed by

Stokes. 3

Stacking Fault Contribution. A face cen-

tered cubic (FCC) metal can be considered as a

stacking of close-packed hexagonal layers, the

(111) planes. Viewed in a direction normal to the

layers, there are three sets of atomic positions

which are usually designated as A, B, and C. The

sequence . . . ABCABC . . . produces the FCC
structure. However, due to deformation or growth

accidents this repetition may be imperfect. A
sequence irregularity of the form . . . ABCBABC . . .

is called a deformation fault; a sequence irregu-

larity of the form . . . ABCACBA ... is called a

twin or growth fault. Similar faulting can also oc-

cur in other crystal structures. The effect of such

structures is to produce line broadening, line

assymmetries, and line shifts. These faults effec-

tively reduce the crystallite size so that the broad-

ening can again be represented by Eq. 15, but the

constant K varies widely from line to line. Gener-

ally employed, instead of an effective crystallite

size, t, to define faulting are the probability, «,

that a given layer contains a deformation fault

and a similarly defined probability, /3, for a twin

fault. Unfortunately, no simple derivations of the

faulting contribution are available and reference

must be made to the original detailed literature.^* ^

However, very little quantitative line breadth

analysis has been applied to this problem. One
reason for this is probably that the appreciation

of this contribution is onl}^ relatively recent and

has in general been treated by the much more
powerful Warren-Averbach method^ of line-shape

analysis that was developed at about the same

time. Another reason is that the net broadening is

in general a superposition of crystallite size,

strain, and faulting broadening and the problem

of separating the respective contributions is un-

solved. In fact, even the problem of the super-

position of crystallite size and strain broadening

lacks a satisfactory solution although many in-

vestigators have simply used the ad hoc assumption

that they are additive (i.e., /3 = /?« + /SJ and then

employed the different angular or wavelength

dependence of the two contributions to separate

the effects. It is not clear whether the frequent

failures or improbable results obtained in using

this latter procedure are due to the inappropri-

ateness of the additivity assumption, or to poor

instrumental broadening correction technique or

to the neglect of the stacking fault contribution.

Conclusion. Although many workers have em-

ployed line-breadth analysis and much progress

has been made in the technique, its employment

has greatly decreased in recent years because of

the development of the more powerful line-shape

analysis. This is unfortunate because line-breadth

analysis, while perhaps not capable of giving such

a detailed description of the defect structure, is

rapid, relatively simple and quantitative. The

return to popularity of line-breadth analysis

awaits a solution to the problem of separating the

crystallite size, strain, and stacking fault con-

tributions.
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LINEAR ENERGY TRANSFER (LET)

Definition. The absorption of ionizing radiation

in a given material results in the production of

ionizations and excitations which are not dis-

tributed at random, but are locahzed along the

tracks of individual charged particles in a way
dependent on the type of radiation employed. In

passing through matter these fast charged particles

transfer part of their kinetic energy to atoms
which are situated near their path. This loss of

energy results from interaction of the electric

field of the moving particle with the electrons and
nuclei of the stopping material. The total amount
of energy dissipated by a particle per unit path
length is termed ''rate of energy loss."

In general the loss of energy may take place

through elastic or inelastic collisions. In an elastic

collision no part of the initial kinetic energy is

transferred to the internal energy of the atom,
but as a result of the deflection of the particle,

photons may be emitted. This phenomenon is

called "radiative energy loss" and it is particu-

larly important at relativistic velocities of the

particles. The photons thus emitted will be ab-
sorbed elsewhere and do not contribute to the
energy actually absorbed near the path of a par-
ticle.

The energy lost by a particle through inelastic

collisions is spent in excitation and ionization of

atoms, i.e., electrons will pass into any of their

excited stationary states or leave the atom com-
pletely. The LET of a fast charged particle can be
defined as the amount of energy transferred

through these inelastic colhsions per unit track

length and for biological materials it is usually
expressed in kiloelectron volts per micron (kev/^t).

The concept of LET thus defined concentrates at-

tention on the transfer of energy to the irradiated

material rather than on the loss of energy by the
particles. The LET is, on a microscopic scale, a

measure of the spatial distribution of the energy
deposited in the irradiated material. A closely re-

lated quantity is "ion density" or "specific ioniza-

tion," i.e., the number of ion pairs produced per
unit track length. The specific ionization {SI) of a
charged particle is equal to the LET divided by
the average energy W required to produce one ion

pan^

SI = LET/W

W roughly ranges between 30 and 40 ev ; it de-

pends on the stopping material and furthermore

sHghtly varies with the LET of the radiation.

Therefore the relation between SI and LET is not

unambiguouslv determined.

Limitations of the Concept of LET. The LET
as defined above for a particle of a given type and

energy does not represent all the information re-

quired to describe the spatial distribution of the

energy deposition in irradiated material. The
first complication results from the fact that colli-

sions in which an appreciable amount of energy

is transferred are distributed along the track of the

particle and therefore statistical fluctuations of

the LET will occur. A second compHcation arises

because frequently enough energy is transferred to

a single electron to enable it to ionize other atoms
outside the track of the primary particle. These

electrons are termed "secondary electrons" if pro-

duced by electrons and 5-rays if produced by heavj''

charged particles. A number of calculations has

been carried out on frequency distributions of

these secondary electrons or 5-rays as a function of

the nature and the energy of the primary particles.

As electrons with an energy of less than 100 ev

travel only very short distances of the order of

lOA, the ionizations produced are regarded to be

part of the track of the primary particle. Thus
only electrons with more than 100 ev energy are

usually considered as separate particles. This value

of 100 ev has been chosen quite arbitrarily^, how-
ever.

It will be clear that the ideal characterization of

each type of radiation would require exact knowl-

edge of the spatial distribution of the energy

deposition and of the ionizations produced. The
LET is an approximation, necessary because of

the complicated nature of the energy deposition.

Variation of LET. The LET of a particle is at

nonrelativistic velocities proportional to the

square of its charge and increases with decreasing

velocity of the particle. Thus 1 mev protons, 2

mev deuterons, 26 mev a-particles and electrons

with an energy of about 500 ev should all have
the same LET of about 25 kev/^t of water. The
LET of a particle is given by

LET = -^^^ NB,

where ez is the charge and v the velocity of the

particle, e and nio are the charge and mass of the

electron, N is the number of atoms per cubic

centimeter of the stopping material and B is a

comphcated function of the irradiated material

and the velocity of the particle. The minimum
LET theoretically possible, about 0.18 kev/V of

water, is obtained with 1.4 mev electrons. For
electrons of higher energy the LET increases

slowly as the velocity of light is closely ap-

proached, whereas with decreasing energy it in-
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creases more rapidly. Near the end of the track,

i.e., at very low energy, deflection of electrons by

collisions results in so much curvature of the track

that the LET measured along the track no longer

corresponds directly to the average spacing of

ionizations. The maximum range of a 500 ev elec-

tron was measured to be 90A. This corresponds to

an LET of about 45 kev/fi, whereas the LET
measured along the curved path, should theoreti-

cally be about 25 kev/fi.

Heavy charged particles of very high energy

have an LET comparable with fast electrons.

Protons of 100 mev energy have an LET of about

0.6 kev/ix of water. Their LET increases continu-

ously with decreasing energy till a maximum of

about 60 kev/fi at 0.1 mev energy. Alpha-particles

have a maximum LET of about 260 kev//x at the

end of their track. With multiple-charged nuclei,

such as carbon, oxygen and neon even higher

LET'S are obtained up to a few mev//x. Fission

fragments of uranium have the highest LET ex-

perimentally available, about 6000 kev/fi.

Mean LET of Radiations. In most experimen-

tal conditions biological material cannot be ex-

posed to radiation with a well-defined LET. The

dimensions of the irradiated material are in gen-

eral large as compared with the segment of a par-

ticle track along which the LET does not change

appreciably. Thus complications may arise because

the entire "track is situated within the object con-

sidered and the object is traversed by different

portions of the tracks of many particles. Only in

the case where very thin layers of material are

penetrated by heavy charged particles of the same

energy, the best possible conditions for a well-

defined LET are obtained. In most irradiations,

however, allowance has to be made for the fact

that the LET changes along the track and a mean

LET has to be calculated.

A further comphcation arises because of the

fact that frequently the initial energies of the

ionizing particles are not the same. Electromag-

netic radiation, for instance, may generate through

the Compton effect fast electrons in the irradiated

material with energies between zero and a maxi-

mum equal to the quantum energy. Beta particles

from radioactive sources are also emitted with

energies distributed between a maximum and zero.

Fast neutrons in penetrating biological material

give rise to protons of various energies with cor-

responding variations in LET. These electrons

and protons of different energies furthermore pro-

duce secondary electrons and S-rays as already

discussed. The energy deposition by electromag-

netic radiation, beta radiation and neutrons is

. thus distributed over a range of LET values in a

complicated way.
Calculations of the mean LET of such radia-

tions can be carried out in different ways.^"^ L. H.

Gray first proposed in 1947 a method for electro-

magnetic radiation and beta radiation in which

the average energy of the electrons is calculated

and divided by the range of an electron of this

average energy. In 1952 Cormack and Johns re-

vised this method defining the mean LET as the

total energy dissipated, divided by the total

length of all the electron tracks. Burch* refined

these calculations in 1957 by detailed computa-

tions of the energy dissipated by different radia-

tions in various intervals of electron kinetic ener-

gies. He further made the assumption that the

effectiveness of electrons for the production of

biological effects increases proportionally with the

LET. An effective LET was then calculated, tak-

ing into account this effectiveness. As an illustra-

tion of the differences obtained by these methods

of calculation, a few results are given in the fol-

lowing table.

Mean LET (kev/m of water) of Different

Radiations Calculated According to

Methods Given in the Text.

Gray
Cormack

and Burch
Johns

200 kvp X-rays
Co^° 7 -rays

25 mvp betatron X-ray

3.25

0.36

0.28

1.79

0.25

0.20

25.8

19.6

18.4

The radiations given in this table are examples of

what are usually termed "low LET radiations,"

in which most of the energy is dissipated through

fast electrons with a mean LET, calculated ac-

cording to Cormack and Johns, of less than 10

kev/fi of water. Neutrons, a-particles and other

radiations which dissipate most of their energy

through heavy charged particles are usually

termed "high LET radiations" with a mean LET
of more than 10 key /fi of water. For fast neutrons

the mean LET of the population of tracks in bio-

logical materials may vary between about 10 and

50 kev/fi, depending on the neutron energy spec-

trum.

The importance of accurate data on the LET
of ionizing radiations used in biological experi-

ments, results from the fact that it is an important

parameter with regard to the relative biological

effectiveness (RBE) of these radiations (q.v.).

"High LET" radiations are in general more effec-

tive for the production of biological effects than

"low LET'' radiations.
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LIPIDS: EFFECT ON SURVIVAL OF MICE AFTER LETHAL

X-IRRADIATION*

As early as 1903, blood-forming tissues were

known to be one of the most sensitive to ionizing

radiation.^' " But for almost 50 years no attempt

was made to see if the harmful effect of radia-

tion on these tissues could be mitigated by shield-

ing.

In 1949, Jacobson and his associates discovered

that they could reduce radiation mortality in ani-

mals by shielding the spleen.^ Soon Lorenz et al.

achieved impressive postirradiation protection in

mice and guinea pigs through bone marrow injec-

tions.* In the following years numerous workers

investigated the therapeutic value of autologous,

isologous, homologous, and heterologous bone
marrow and spleen transplants on irradiated ani-

mals.^' ^' '^ The most successful transplantations

were achieved in animals subjected to whole-body
irradiation in excess of the minimal 100 per cent

lethal dose (LDioo). In many instances 80 to 100

per cent of these animals survived for 30 days.

A number of direct and indirect evidences now
unequivocally support the theory of hematopoietic

cell repopulation in marrow transplantation ther-

apy.^' ®' ^° In fact, marrow therapy is so promising

that it has been used clinically on four atomic

scientists who were accidentally irradiated when
an experimental nuclear reactor went out of con-

trol at Vinca, Yugoslavia, on October 15, 1958."' "

Unfortunately, one of the men eventually died

even after receiving marrow injections. But in

these patients one questions the effectiveness of

marrow treatment since the radiation dose re-

ceived by the victims was not accurately known.
Furthermore, they did not receive isologous mar-
row cells and the injections were given to them
long after the accident.

An extremely serious and often fatal disease is

associated with bone marrow therapy, particularly

when homologous or heterologous marrow cells

* This research was performed at Donner Labo-
ratory of Biophysics and Medical Physics, Univer-
sity of California, Berkeley, and was supported
by a contract with the U. S. Atomic Energy Com-
mission.

are transplanted. This fatal disease is due to im-

munological incompatibility that usually exists

between host and donor tissues.^^' ^* But host-

donor compatibility is observed often in heter-

ologous cancer-tissue transplantation studies.

Hence, this immunological problem appears solv-

able. However, marrow therapy has other limita-

tions. It is ineffective in the midlethal dose ranges

and again at high doses that result in deaths from
intestinal causes. Understandably, chemotherapy^

against radiation is very desirable.

Lipid Therapy. In recent years, a large number
of substances, some simple chemicals and other

complex nucleoprotein extracts from tissues, have
been reported to help animals to recover from
lethal irradiation."^^' ^® Some hpids, such as ohve
oil, methyl oleate, and triolein (Fig. 1), are also

helpful. In a series of tests, a single intraperitoneal

injection of 1.0 ml of these lipids has increased

survival of whole-body-irradiated mice from 43.2

per cent to 75.4 per cent (Table 1). On the basis

of the x-square test, the significance of this 37.5

per cent increase in survival was X^ --^ 63 with

P < 0.001. The highest survival achieved at this

dose level was 91.7 per cent in the postirradiation-

oil-treated as compared to 45.8 per cent in the

corresponding control. The lowest was 62.5 per

cent in the treated and 37.5 per cent in the con-

trol.^*^

Generally, postirradiation protective substances

are believed to help animals because of their bac-

tericidal or reticulo-endothelial system (RES)
stimulating actions. In contrast, studies with bio-

genic and nonbiogenic oils and RES stimulating

substances indicated that oleic-acid-rich oils bene-

fited irradiated animals metabolically."' " But
this point must be clarified further for Stuart,

Biozzi, et al. reported that injecting intravenously

emulsions of olive oil or glycerol triolein markedly
stimulated phagocytosis. Oddly, similar emulsions
of glycerol mono-oleate or ethyl oleate had no

Methyl oleate

625 r DOSE /AIR

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Days after irradiation

Fig. 1. Comparative therapeutic effect of one ml
methyl oleate, triolein, and olive oil injected

intraperitoneally in mice (24 animals per group)
within one hour after whole-body X-irradiation.
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Table 1. Thebapeutic Value of Fats on Whole-Body X-Irradl^tion of

6-Weeks-Old Male Swiss White Mice.

Mice Strain

Postirradiation Oil-Treated
No.
Surv.

% Surv.

Control

Exp. No.
Fat Treatment

Dose
r/air

Total
Animals

Total
Animals

No.
Surv.

% Surv.

1 Webster S/L Olive 625 24 17 70.8 24 11 45.8

2 Webster S/L Olive 625 24 16 66.7 24 8 33.3

3 Webster S/L Olive 625 20 18 90.0 30 13 43.3

4 Webster S/L Olive 625 24 19 79.2 24 11 45.3

5 Webster S/L Olive 625 24 15 62.5 24 9 37.5

6 Webster S/L Methyl oleate 625 24 16 66.7 24 11 45.3

7 Webster S/L Peanut 625 24 18 75.0 24 11 45.3

8 Webster S/L Safflower^ 625 24 17 70.8 24 11 45.3

9 Webster S/L Triolein 625 24 19 79.2 24 11 45.3

10 Webster S/L Methjd oleate 625 24 19 79.2 24 11 45.3

11 Webster S/L Olive + stearate 625 24 22 91.7 24 11 45.3

37.5
12 Webster S/L Olive + stearate 625 24 18 75.0 24 9

Total All oil 625 r 284 214 75.4 294 127 43.2

" 0.01% propl gallate added as antioxidant.

stimulating effect, and even depressed phagocytic

function.'' If RES stimulation would explain the

therapeutic action of olive oil and triolein, what

would explain the therapeutic effects of the mono-

oleates which are reported to decrease phagocy-

tosis?

Gas chromatographic studies of fatty acids from

irradiated animals have shown that oleic acid may
be preferentially mobilized by these animals.''' If

this is substantiated, it will further support the

chemical thesis of postirradiation protection of

animals by lipids.

In a series of studies, Deuel, Cheng, et al. have

demonstrated that rats on fat-free diets supple-

mented with as httle as 2 per cent cottonseed oil

or 10 mg methyl linoleate are much more radio-

resistant than animals on a fat-free diet when

these animals are subjected weekly to repeated

sublethal doses of radiation
.'°- '' Ershoff recently

reconfirmed this effect of low-fat diet on survival

of X-irradiated mice." Alekseeva noted a similar

effect in yeast cells.'^ She postulated that this

radioresistance of fat-rich yeast cells was due to

preferential oxidation of the fatty reserve to oxi-

dation of vital cellular components. W^hether a

similar mechanism could account for the thera-

peutic effect of fats on mice is debatable.

Fatty acids may play a role in the immediate

postirradiation oxidative processes. Ottolenghi

and Bernheim recently demonstrated by experi-

ments on peroxide formation that the antioxidant

activity of the intestinal mucosa is due to libera-

tion of free fatty acids. They found that oleic acid

was most effective, with palmitic, stearic and

lauric acid exhibiting decreasing antioxidant ac-

tivities.^* This would explain the therapeutic ac-

tions of noncellular hog intestinal mucosal prep-

arations^^ and oleic-acid-rich oils on irradiated

animals.'®

Physiopathological Changes. The various kinds

of degenerative histopathological changes in ani-

mals following acute whole-body irradiation are

well-known ."• "'• The marked decrease in the

weight of spleen, thymus and testes, and in the

number of cells in the bone marrow are due to

cellular degenerations. Loss in body weight is also

partly due to degradation of tissues. This is evi-

dent not only histologically, but biochemically by

hicreased excretion of nitrogenous and other cata-

bolic products following whole-body irradia-

tion.'^'
-""

Physiopathological studies of n-radiated oil-

treated and untreated animals indicated that post-

irradiation oil treatment accelerated cellular re-

generation and repopulation in the bone marrow,

spleen and thymus.'' It also accelerated regenera-

tion of the testes and helped irradiated males to

recover sooner from sterility induced by radia-

tion .'<^- ^°

Mortality Peaks. Luchnik^' and Quastler and

Zucker'' have proposed an interesting approach

to study radiation syndromes. It is based on selec-

tive modification of mortahty peaks with protec-

tive agents. The latter investigators have sug-

gested that irradiated animals treated with specific

protectors may reveal heretofore-unknown syn-

dromes and help us to better understand already-

known radiation syndromes. Accordingly, death

modes of lethally irradiated oil-treated and un-

treated animals have been investigated.

Animals exposed to whole-body midlethal (ML)
to total-lethal doses (TLD) of radiation will gen-

erally die from bone marrow aplasia. This syn-

drome is characterized by a time-dependent death

peak.^'"'
^* Male Swiss mice exposed to 90 to 100

per cent lethal dose (LD90-100) of X-radiation

showed this single bone marrow peak on the 12th

postirradiation day. The LD50-75 controls showed,

besides this 12-day peak, a larger second peak on

the 15th postirradiation day. Modal analysis of

male mice exposed to LD90-100 and treated with

lipids showed a 10- and 14-day mortality peak

(Fig. 2). This change from monomode in the con-

trols to bimode in the treated indicated that lipid



559 LIPID PROTECTIVE THERAPY

treatment had protected some of the animals with

aplastic marrows from dying. How this was me-
diated is equivocal, but evidences at present indi-

cate that this was accomplished by accelerating

cellular regeneration (Fig. 3). In animals exposed
to less than 75 per cent lethal dose and treated

with beneficial oils, the 12-day marrow peak was
reduced in size and the 15-day peak was essen-

tially suppressed (Fig. 2). These changes indicate

further that postirradiation lipid treatment had
effectively protected irradiated animals from the

15-day ''lipid sensitive" syndrome.
The statistical significance of the changes in the

12-day and 15-day peak heights were analyzed by
comparing the number of animals dying between

Percent mortality
241

\ \ \

[

LD90-100/30

Oil treated (253)

,
\^LD90-I00/30 Controls (341)

30 Confrols(450)

I

I //b -•••^V^i?.
,

'
"'' Va ^

/.f ^LD50-75/30^<V. \

. . - .'-4V Oil treoted (652)
.-f"-^^^ I \ \ L

6 12 18 24 30

Days after irradiation

Fig. 2. X-ray mortality peaks of 6- to 7-weeks-
old male Swiss white mice for whole-body irradia-
tion. Olive oil treatment unmasked a second peak
in the bone marrow peak (B) of the LD90-100
group which corresponded to the 15-day hpid peak
(L) of the LD50-75 group. The 15-day peak was
greatly suppressed by oil treatment. (341) etc. in-
dicates the number of animals used in each experi-
ment.

Per cent of cells

100K)
: I 1 I I r-

5 7 15 21

Days after irracJiation

Fig. 3. Per cent cellular elements in the mouse
bone marrow at different time-intervals after
whole-body irradiation in the olive-oil-treated and
untreated groups. Olive oil therapy accelerated
the rate of recovery of cellular elements in the
bone marrow of irradiated male mice.

days 9 to 13 and days 13 to 17 in the oil-treated

and untreated groups. In the 9- to 13-day group,

the x-square test gave a X^ value of 3.93 with
P < 0.05. In the 13- to 17-day group, X' was 40.97

with P < 0.001 (16).

In view of these studies, there can be little

doubt regarding the authenticity of the 15-day
''lipid sensitive" peak, or the fact that lipids

helped irradiated animals by accelerating the re-

generative processes. But these studies are far

from complete and further metabolic work on X-
irradiated oil-treated and untreated animals is

necessary to elucidate some of the complex bio-

chemical processes associated with protection and
recovery of lipid-treated animals from ionizing

radiations.
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LIPIDS AND LIPOPROTEINS (PLASMA): EFFECT OF X-IR-

RADIATION

Alterations in the chemical constituents of blood

following exposure to ionizing radiation have been

sought as an indication of the degree of radiation

damage. The influence of X-irradiation on plasma

lipid concentrations received considerable study

since the observations of Rosenthal that a char-

acteristic lactescence or "milkiness" appeared in

the serum of rabbits dying of radiation injury.

This biochemical lesion was characterized by a

visible lipemia which was observed 24 hours fol-

lowing whole body X-irradiation in those rabbits

which would subsequently die within thirty days

following exposure. The observation that the

magnitude of the opalescence was an unfavorable

prognostic sign in respect to survival following

radiation exposure prompted studies of the mech-

anism of this lipid derangement, as well as the

serum lipids and Upoproteins responsible for this

hyperlipemic state.

Extensive studies of Hewitt and Hayes have

demonstrated that marked alterations occurred in

the various plasma lipoprotein classes following

radiation injury in the rabbit. An excellent corre-

lation was manifested between the high levels of

total lipoproteins and the subsequent death of the

animals. Early (1^ day post-X-irradiation) and

late (15-30 days post-X-irradiation) deaths were

found to be correlated with elevations in specific

lipoprotein classes and thus had predictive value.

The plasma lipid or lipoprotein concentrations

prior to radiation did not correlate with the radio-

sensitivity of the animals. These findings increased

the vaHdity of employing the alterations in serum

lipoproteins as an index of radiation injury.

Entenman et al. evaluated plasma phospholipid

alterations as a prognostic sign of radiation in-

jury in various species. In a study employing rats,

dogs, rabbits, guinea pigs and mice, it was found

that increased concentrations of plasma phospho-

lipid occurred in all species following X-irradia-

tion. The increase in plasma phosphohpids was

correlated well with the X-ray dose. They found

great variabiHty in regard to the time of onset of

increased concentrations, degree of response, and
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the necessary radiation dose required to produce

increased lipid levels in various species. The rab-

bit, as in many other areas of lipid metabolism,

was the most responsive. The increase in plasma

cholesterol, triglyceride and low-density hpopro-

teins has also been observed to be most marked

in the rabbit following X-irradiation. It was also

reported that lipoprotein alterations had better

prognostic values than the leukocyte or erythro-

cyte count, hematocrit, or erythrocyte sedimenta-

tion rates.

A study of various plasma hpid fractions of

rabbits exposed to 1000 r whole body X-irradia-

tion revealed increased levels of all lipid fractions

with the triglyceride component showing the

greatest increase. Comparing the plasma lipid frac-

tions of those rabbits which died within 30 days to

those which survived following an LDso dose of

X-rays, the increase in all plasma lipid fractions

at 24 hours postirradiation was much greater in

those that died. The plasma lipid levels in the

rabbits that subsequently died did not show a

degree of reduction at 48 hours comparable to

that noted in the group that survived.

The elevation of plasma hpids in the rabbit

was found to vary in portion to the radiation dose

and was lessened, but not abohshed, if the liver

was shielded during radiation. Since the liver is

the major organ involved in the regulation of

plasma lipid metabohsm, liver dysfunction may
be a major factor in the onset of hyperlipemia.

Abnormal liver function, which coincided with the

onset of plasma lipid alterations, has been ob-

served by Cornatzer in dogs dying of radiation in-

jury.

The concept that tissue injury is a factor in

the etiology of the hyperlipoproteinemia and hy-

perlipemia was supported by observations that

local exposure of a single hind limb of a rabbit to

30,000 r of X-rays produced a pronounced hyper-

lipemia. This increase in plasma cholesterol, phos-

pholipids and lipoproteins following local X-ir-

radiation to hind limbs of rabbits was found to be

proportional to the magnitude of the radiation

dose. Similarly, a greater increase in plasma cho-

lesterol and phospholipid was observed per given

skin dose of 200 kv X-rays than for the same dose

of 100 kv X-rays, suggesting that the increment

occurred in proportion to the total amount of

tissue damage.
In view of the radiosensitivity of bone marrow

and its unusually high lipid content, studies were

conducted to ascertain whether bone marrow
lipids contributed to the etiology of the post-

irradiation hyperlipemia. The data indicated that

bone marrow lipids of rabbits were not markedly
altered 24 hours after whole body irradiation, the

time at which hyperlipemia occurs, and did not,

therefore, contribute to the postirradiation hyper-

lipemia episode. In an evaluation of the contri-

bution of increased mobilization of lipid from
peripheral adipose depots as a factor in the de-

velopment of the hyperlipemia, it was observed
by Elko and Di Luzio that X-irradiated rabbits

showed a normal degree of lipid mobihzation. A

significant increase in hepatic triglyceride concen-

tration was, however, observed.

In an attempt to define the radiation-induced

lipid metaboHc defect, isotopic studies conducted

by the author have revealed a normal intravascu-

lar removal rate of albumin-bound, radioactive

fatty acids in X-irradiated rabbits. The conver-

sion of these fatty acids to plasma triglycerides

was increased markedly in the X-irradiated group

denoting that increased hepatic hpogenesis was a

factor in the development of the postirradiation

hyperlipemic state. These studies demonstrate the

occurrence of a severe disturbance in plasma lipid

metabolism upon exposure to lethal X-irradiation

and indicate that the extent of lipid and lipopro-

tein alterations in experimental animals, and par-

ticularly the rabbit, is a function of radiation in-

jury and therefore, a useful prognostic index. At
the present time studies of blood lipid and lipo-

protein alterations in human subjects accidentally

or therapeutically subjected to large doses of

ionizing radiation are not available, or too frag-

mentary to permit their consideration.
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LIQUID CRYSTALS. See Paracrystals.

LIQUID DENSITIES: MEASUREMENTS WITH X-RAYS AT

HIGH TEMPERATURES AND PRESSURES

Liquid densities at high temperatures and pres-

sures may be determined by taking X-ray photo-

graphs of the liquid level in a specially designed

pressure vessel.^ The volume of a known weight

of liquid is obtained from the position of the

vapor-liquid interface photographed in the pres-

sure vessel's calibrated expansion chamber. From
the volume and weight of licjuid the density is

determined. The method is applicable to organic

hquids and fused salts at elevated temperatures
and pressures, as well as to aqueous systems.

Advantages of the method are that a cahbrated

pressure vessel may be used repeatedly for di-

verse systems, obviating the necessity for correc-

tions for nonuniformit}^ of bore and for container

expansion; chemical attack on the vessel may be

minimized by proper selection of material; ac-

curacy of measurement may be increased by mak-
ing the volume per unit height of expansion

chamber small compared to the total volume of

fluid ; density measurements in the presence of
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Fig. 1. Schematic drawing of equipment.
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Fig. 2. Pressure vessel.

various gases are possible; and pressures may be

measured continuously.

Figure 1 is a schematic drawing of the equip-

ment arrangement. The pressure vessel (Fig. 2)

may be of any suitable material. An X-ray unit

such as a Norelco MG 300 industrial apparatus

equipped with a tungsten target 300-kvp 10-ma

X-ray tube and shield may be used. The furnace

is provided with a slot in line with the X-ray

beam and film to permit photographing the liq-

uid-vapor interface. X-ray photographs may be

obtained using a standard 4^/2 X 17 inch X-ray

film such as Eastman 'Type K" fronted and

backed with calcium tungstate intensifying

screens. The film cassette is mounted on a car-

riage which can be moved at variable speed past

the slot in a lead shutter. The thermal shield of

Vs-inch ahu-ninum protects the cassette from the

furnace.

A suitable weight of liquid whose density is to

be measured is placed in the pressure vessel and

heated in the furnace to the desired temperature.

When the system is heated, the vapor-Uquid inter-

face assumes a position in the calibrated expan-

sion chamber which depends on the Hquid density.

With the pressure vessel design shown in Fig. 2

the gland nut, being more opaque than the liquid

to X-rays, makes a convenient datum trace on the

film. Alternatively, a lead marker may be used.

At selected temperatures the carriage drive and

X-ray are turned on, and an interface trace of

convenient length is photographed. Interface

traces at 10 or more temperatures can be obtained

on a single film in this manner. The apparent

interface height above the datum trace is ob-

tained by laying a scale directly on the film, or

more precisely by means of a densitometer. The

volumes corresponding to the apparent interface

heights are read directly from a calibration curve.

Densities are calculated from the volumes and

hquid weights.

Corrections for loss of liquid to the vapor phase

may be calculated, or may be reduced to neghgi-

ble quantities by keeping the vapor-to-hquid vol-

ume ratio small. In the case of solutions, correc-

tions for changes in composition may be made by

assuming that small changes in the composition

cause changes in density which are independent of

temperature. Other factors to be considered are

the accuracy of temperature control, its uniform-

ity over the length of the pressure vessel, and the

length of calibrated pressure vessel section needed

to accommodate the Hquid expansion expected

over the temperature range to be studied.

To minimize problems related to phenomena

such as pressure vessel thermal expansion, non-

uniformity of expansion chamber bore, uncer-
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tainty of the volume occupied by the thermo-

couple well, etc., the vessel is calibrated with a

liquid such as water whose density as a function

of temperature is known .^ The weight of water

lost to the vapor phase at each measured tem-

perature and pressure is determined through the

use of a table of the properties of saturated steam

and knowledge of the volume of the vapor. Be-

cause the expansion chamber volume is made
small relative to the total volume, the volume of

vapor may be obtained with sufficient accuracy

for most purposes from a room temperature

measurement of the volume per unit height of

expansion chamber, and the location of the vapor-

liquid interface under the conditions of the den-

sity measurement.
From the physical arrangement of the equip-

ment it is apparent that the X-ray beam will have
diverged somewhat after passing through the

pressure vessel and before striking the film.

Therefore, the apparent height of the interface

above the datum point as measured on the X-ray
film will be somewhat greater than the actual

height. To correct for this, lead markers are taped

to the expansion chamber at known distances

above the datum point. The known distances are

related to the apparent distances as measured on
the film, to obtain a correction factor. If the di-

ameter of the expansion chamber is large enough
to cause a difference in apparent distance of a

given lead marker above the datum point depend-
ing on whether the marker is positioned on the

side of the expansion chamber toward the X-ray
or on the side away from it, measurements are

made with the marker in both orientations, and
the average determined.
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MAGNESIUM ALLOYS: RAPID, AUTOMATIC X-RAY ANAL-

YSIS*

X-ray fluorescence is a very valuable tool for the

rapid analysis of alloying constituents in albys of

low atomic number. In this laboratory, the Norelco

"Autrometer" has been calibrated and applied to

the determination of zirconium, zinc, thorium, ce-

rium, neodymium, praseodymium and lanthanum

in magnesium alloys. The Autrometer is an auto-

matic X-ray fluorescence comparison spectrometer'

which provides an accurate comparison of the fluo-

rescent radiation from any particular component

in an unknown alloy to that in a standard. Twenty-

four "channels" are provided such that as many as

twenty-four 26 angle settings may be compared

during a single scan of the sample. Resuhs for each

element are printed as ratios of the intensity of the

unknown to that of the standard.

Owing to many of the inherent interferences en-

countered in X-ray fluorescence analysis, the Au-

trometer must be calibrated for each element and

matrix to be analyzed. The ratio which is printed

out for each elemental analysis is sometimes far

from a true ratio of element concentration but is

affected by self-absorption, matrix absorption and

background. For these reasons, we have found it

desirable to utilize this automatic instrument for

control analysis where the number of samples will

be great and the matrix will be fairly consistent.

Magnesium and aluminum alloys provide ideal

systrems because of their low absorbing matrices

which permit higher fluorescence intensities from

the elements being analyzed.

Some of the major alloying constituents of mag-

nesium alloys are zinc, thorium, zirconium, cerium,

praseodymium, neodymium and lanthanum. A com-

plete wet chemical analysis is both time consuming

and expensive. Spectrographic analysis is very much
faster. X-ray fluorescence analysis offers a com-

pletely independent check on these two methods.

A total analysis can be performed in less than one

hour through the use of the Autrometer. Approxi-

mately twenty minutes of this time are required for

sample preparation and an average of five minutes

per element for instrument time and calculation.

Equipment. Autrometer: The Autrometer was

equipped with LiF crystal and flow type propor-

tional counter. The 26 angle settings given in

Table 1 were taken from these compiled by Powers.^

It was necessary to use the weaker LjQi lines for

praseodymium and neodymium since the Lai lines

of these elements had interference from the Lj3i

hues of lanthanum and cerium respectively. The

X-rav tube was a tungsten target tube which was

* Contribution from Nuclear and Basic Research

Laboratory, The Dow Chemical Company, Mid-
land, Mich.

operated at 60 kv. The current settings for each

element were adjusted to provide for a counting

rate of approximately half scale on the instrument

ratemeter. This would be equivalent to either 500

counts/second or 5000 counts/second depending

upon the concentration range of the element and

the statistical accuracy desired. The precision of

the data is essentially governed by the operation

of the instrument. Three settings are provided on

each channel, allowing for statistical counting ac-

curacies of 0.5 per cent, 1.6 per cent and 5.0 per cent.

The precision of the data was at least within these

values.

Standards: Magnesium alloys are carefully ana-

lyzed chemically and spectrographically. Pieces of

these alloys were turned and faced on an end mill

to fit the Autrometer sample holder. The fine facing

was done such that the finished surface was void

of concentric circles.

Several samples were carefully polished as if for

metallographic analysis. This extra polishing tech-

nique was time consuming and found to be un-

necessary. No appreciable increase in intensity was

noticed with extra polishing. Most of the standards

were prepared by pouring the molten alloy into a

chilled mold. Although every care was taken to en-

sure homogeneity, repeated chemical and spectro-

graphic analysis indicated that the standards were

not perfectly uniform. Metallographic analysis

showed definite segregation in some samples. Most

of the discrepancies between chemical and Au-

trometer resuhs in this report may be attributed

to this inhomogeneity. Spinning the sample during

analysis gave a much more reproducible analysis.

ExperimentaL For the analysis of the individual

rare earths, a master standard was chosen to con-

tain intermediate compositions of each element.

The other rare-earth standards were compared to

this master standard and the percentages of each

were calculated by direct multiplication by the

Autrometer ratios. These values are given in Table

2.

At first, results obtained for neodymium on the

two didymium alloys were somewhat low due to the

large difference between standard and unknown.

A new standard containing a higher neodymium

concentration gave more favorable results.

A similar study was made for zinc using an ex-

truded ZK-60 zinc-zirconium-magnesium alloy as

the standard. The zinc percentages were calculated

directly from the Autrometer ratios. The results

were in good agreement with chemical analysis and

appear in Table 3.

Several binary alloys were prepared containing

varying amounts of thorium in magnesium. One of

these samples of intermediate composition was

chosen as an Autrometer thorium standard and the

others compared to it. The Autrometer response

564
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Table 1. Angle Settings for
autrometer analysis.

Element Analysis Line Angle 2 d

Zr K/3i 20.04

Th L«i 27.46

Zn Kai 41.74

Pr L/3i 68.23

Nd L/3i 65.06

Ce L«i 78.96

La L«i 83.85

Table 2. ]Rare-Earth Analysis. Chemical
Analysis of Standard.

Ce-1.44%; Pr-0.20%, Nd-0.59%, La-0.70%,
Zr—0.47%.

1 Per cent
Cerium

Per cent
Praseody-
mium

Per cent
Neody-
mium

Per cent
Lantha-
num

Per cent
Total Rare

Earths

J?

1

2

3

4
5*

6

7

8*

9

10
11*

12

13

14

u

0.85

1.83

0.11

1.03

0.06

1.90

0.97

0.07

1.78

1.38

0.04

1.36

1.38

1.42

"3

<

0.96

1.80

0.20

1.09

0.08

1.87

1.03

0.09

1.76

1.42

0.07

1.41

1.45

1.51

B
<u

U

0.19

0.23

0.42

0.19

0.33

0.29

0.16

0.43

0.22

0.22

0.21

0.22

0.18

0.22

"3

<

0.16

0.22

0.31

0.18

0.30

0.23

0.17

0.40

0.23

0.21

0.24

0.21

0.21

0.19

i

o

0.49

0.70

1.30

0.49

2.33

0.84

0.39

3.15

0.70

0.61

1.40

0.63

0.57

0.62

3
<

0.41

0.65

1.13

0.50

2.23

0.74

0.43

3.00

0.71

0.60

1.30

0.63

0.59

0.59

1
U

0.26

0.78

1.36

0.44

0.07

1.03

0.31

0.13

0.82

0.73

0.64

0.76

0.64

"3

<

0.38

0.71

1.24

0.57

0.13

0.98

0.44

0.14

0.84

0.78

0.09

0.73

0.75

0.73

6

u

1.79

3.54

3.19

2.15

2.79

4.06

1.83

3.78

3.52

2.94

1.65

2.85

2.89

2.90

<;

1.91

3.38

2.88

2.34

2.74

3.82

2.07

3.63

3.54

3.01

1.70

2.98

3.00

3.02

* Didymium samples: Comparison standard No. 3.

curve representing these data is shown in Fig. 1.

The sHght curvature can be expected due to the

wide range of concentration being compared.

Standard magnesium alloys were compared to

Standard 92018-1 and Fig. 1 used as a working

curve. In every case, the results obtained for tho-

rium were too low. It was concluded that the zinc

and rare earths also present in these alloys caused

a depression of the thorium fluorescence, resulting

in a low analysis. A correction curve was therefore

prepared as shown in Fig. 2.

To prepare this curve, five standard alloys were

chosen containing zinc, thorium and/or the rare

earths. An Autrometer analysis was obtained using

Fig. 1 and the ratio (per cent thorium [Autrometer]/

per cent thorium [chemical]) calculated for each

sample. A partial ''net density" value was then

calculated for each of these standards by multi-

plying the percentage of zinc by its density and
each of the rare earths by its respective density

and summing the individual density values. It is

clearly illustrated by Fig. 2 that this absorption

correction is linear within the range studied.

Several alloys containing thorium were then ana-

lyzed vs. a thorium standard. The results obtained

from Fig. 1 were low, as expected. A "net density"

value was obtained for each sample and the origi-

nal results corrected using Fig. 2. These results are

tabulated in Table 4.

The ratios obtained from the Autrometer are

Table 3. Zinc Analyses. Chemical Analysis of
Standard: Zn, 2.09%; Zr, 0.37%o.

Per cent Zinc

Chemical Autrometer

1 2.01 1.97

2 1.98 1.95

3 1.98 1.81

4 1.38 1.41

5 5.47 5.26

6 6.69 5.96

7 2.01 1.99

8 1.99 1.84

9 6.05 6.04

6.22 6.19

2.0 3,0

PERCENT THORIUM

Fig. 1. Autrometer ratio vs. per cent thorium.

Standard contains 3.16 per cent Th.

Fig. 2. Net density correction curve for thorium

response.
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Table 4. Thorium Results.

Per cent Total Net Correction

Per cent Thorium

Sample
Number um Fig 1

Density Fig 2 Corrected
Autro- Chemical
meter

1 2.14 29.0 0.697 3.07 3.06

2 2.37 29.0 0.697 3.39 3.08

3 2.14 29.0 0.697 3.07 3.08

4 2.40 13.9 0.855 2.81 2.71

5 2.62 19.2 0.850 3.08 3.07

6 2.67 14.2 0.850 3.14 3.10

7 1.03 37.5 0.608 1.69 1.64

Fig. 3. X-ray fluorescent spectrum of element Z.

Background ( ), Autrometer Standard ( ),

Magnesium Alloy (—-< — ).

0.2 0.3 0.4 0.5
nCRClCNT ';iHCO?IIUM

Fig. 4. Autrometer ratio vs. per cent zirconium.

Standard contains 0.66 per cent Zr.

never a direct measure of element concentration.

Figure 3 represents a typical X-ray fluorescence

spectrum of element Z. If the Autrometer standard

contains y per cent of Z and the alloy sample 2 y
per cent of Z, then the Autrometer print-out ratio

should be 2.000. However, the similar backgrounds,

b, are associated with both standard and sample

and the Autrometer print-out becomes,

2y + b

y + b
9^ 2.

effect is insignificant and the ratio approaches the

theoretical value. This was shown to be true with

the rare earths and zinc. The ratio varied somewhat

in the case of thorium as shown in Fig. 1.

However, the peak to background ratio for zir-

conium represents a situation where y is approach-

ing the value of b. Therefore, when the observed

Autrometer print-out ratio for zirconium in a se-

ries of binary^ zirconium alloys was plotted against

per cent zirconium, the curve represented by Fig. 4

was obtained. Since the observed zirconium resuhs

for standard magnesium alloys were affected by the

net density of the alloy, a correction curve (Fig. 5)

was prepared for zirconium in the same manner that

Fig. 2 was prepared for thorium.

Some standard alloys were then compared to a

zirconium standard and an approximate zirconium

analysis determined from Fig. 4. This value was

then corrected for net density using Fig. 5. Typical

zirconium results are illustrated in Table 5.

Discussion and Summary. It has been shown

that the complete analysis of a magnesium alloy

for zinc, thorium, zirconium, cerium, neodymium,

praseodymium, and lanthanum is possible using the

Norelco Autrometer. Necessary correction curves

have been established where needed. Standards

Fig. 5. Net density correction curve for zir-

conium response.

If y is very large as compared to b, the background

Table 5 Zirconium Results.

Per cent

Per cent
Zirconiiom
Fig 4

Zirconium

Sample
Number

Total Net
Density

Correction
Fig 5 Cor-

rected Chem-
Autro- ical

meter

1 0.280 20.2 0.768 0.36 0.37

2 0.300 63.0 0.411 0.73 0.74

3 0.318 63.3 0.411 0.77 0.74

4 0.300 63.1 0.411 0.73 0.76

5 0.269 43.5 0.500 0.54 0.55

6 0.314 53.5 0.500 0.63 0.58:

7 0.322 44.4 0.492 0.65 0.62
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should be selected such that they fall near the

center of the calibration curve. Total analysis is de-

pendent upon a definite sequence of operation and

calculation, as described in the following para-

graphs.

First, obtain Autrometer ratios for all constit-

uents vs. a standard. Calculate rare-earth and zinc

concentrations by direct multiplication of individ-

ual ratio by standard composition. Compare tho-

rium ratio to thorium calibration curve (Fig. 1)

and determine approximate thorium percentage.

Multiply the percentages of zinc and each rare

earth by their respective density values to estab-

lish the thorium correction. Determine thorium cor-

rection corresponding to the net density (Fig. 2).

Divide the approximate thorium concentration by
its correction value to determine true thorium per-

centage.

Compare the zirconium ratio to the zirconium

cahbration curve (Fig. 4) to determine the approxi-

mate zirconium percentage. Multiply the true tho-

rium percentage by the density of thorium and add
this value to the partial net density figure already

obtained. Determine the zirconium correction cor-

responding to this net density (Fig. 5). Divide the

approximate zirconium concentration by correction

value to determine the true zirconium percentage.

Once the various correction and calibration

curves have been established, the above operations

can be performed to provide a very rapid total

analysis.
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MAGNETIC FLUX EFFECT ON DISLOCATIONS. See Dis-

location Movement and Alignment.

MAGNIFIED X-RAY IMAGES IN MEDICINE AND BIOLOGY*
(MICRO-MACRORADIOGRAPHY AND HISTORADIOG-
RAPHY)

Primary Optical Resolution and Secondary
Magnification. The naked human eye is able to

distinguish two lines separated by 1 minute of arc

equal to 0.15 mm or 150 /x under conditions of

proper illumination of background and at 50

cm distance. Under the same conditions the human
retina may see plane objects of around 0.3 mm
(300 fi) size. No microdetails smaller than the

above minima can be perceived by the retina.

The microscope's objective plays the role of an

* Reference should be made to the exhaustive ar-

ticle on historadiography by the same author in

The Encyclopedia of Microscopy, 1961, pp. 591-
627, "Medicobiologic Research by Microradiog-
raphy."

additional eye. It may mark out fine details smaller

than the minimum mentioned above. Such a "re-

solved" detail is magnified depending upon the

numerical aperture of an objective. In biological

research objectives with resolving power are used

from 3.5 X to 125 X, rarely more. It is clear that

only the comparatively big details may be seen

using the magnification of the objective alone. The
secondary or "empty" magnification of fine detail

primarily resolved serves the purpose of bringing

the image of this detail to the magnitude percep-

tible by the human eye, i.e., to the size from 150

to 300 fi. The secondary magnification is performed

bj^ eyepieces from 2 X to 15 X. That means, in case

of 10 X eyepiece and resolutions 3.5 X or 125 X,

the retina will see details magnified 3.5 X 10 = 35

or 125 X 10 = 1250 times. In other words, in the first

magnification the retina will be able to see magni-
tudes about 9 fj, (300:35) ; in the second, about 0.2 fx

(300:1250). Due to geometrical and technical op-

tical interferences each microstructure is resolved

and magnified with some degree of unsharpness de-

fined by marginal penumbra. If the size of this

penumbra is smaller than the perceptible minimum
mentioned above (150 fx), it will be invisible; after

it reaches 150 fx, a slight marginal blurring will ap-

pear; in case of 300 /m and more the resulting un-

sharpness may become intolerable. Accordingly,

the higher the resolution and, especially, the sec-

ondary magnification are, the more pronounced is

the unsharpness.

Primary Resolution and Secondary Magnifica-

tion of X-ray Image of a Dissected Organ. A re-

solved and magnified X-ray image of tiny organ

sections can be obtained by two methods: X-ray
point projection microscopy^ and historadiography

or contact microradiography.^' ^' ^' ^~ Other methods
of X-ray microscopy are not used in medicobiologic

research and will not be discussed here.

Primary resolution by X-rays depends upon three

main factors: (1) resolving power of X-rays; (2)

geometrical resolution; and (3) resolving power of

X-ray emulsion.*

In X-ray projection microscopy the last factor

plays a role only when a radiograph of the primarily

resolved image is magnified secondarily. In this

case the resolving power of the emulsion on which
this radiograph is made is of great importance.

Resolving Power of X-rays. There is no source

of monochromatic or "white" radiation in w4iich

X-rays are all of equal wavelength. The effective

wavelength defines only the quality of rays preva-

lent at a given kilovoltage but it does not exclude

the presence of harder rays. This is perhaps the

explanation as to why some authors present HRD-s
(historadiographs) of sections of undecalcified bone

200 /x and even thicker claiming that they were

made with "white" X-rays longer than 8A obtained

from tubes with beryllium window 1.5 mm thick.

Even the beryllium 0.63 mm thick is impenetrable

for the above rays, not to speak of thick bone

slides which must absorb them completely.

According to Lamarque"^ 2.5A X-rays obtained at

5 kv reveal the minutest differences in attenuation

coefficients on a cellular level. The softer rays do



MAGNIFIED X-RAY IMAGES 568

ROENTGEN
RAY SOURCE

SAMPLE

FILM

Fig. 1. Diagram of interrelation between focus

size and unsharpness (from Engstrom and Lind-

strom). Explanation in text.

not show any additional morphological or cjuanti-

tative differences, and their use is connected with

many technical difficulties.*

The finding of minutest absorption differences

constitutes a great problem for X-ray point projec-

tion microscopy. The radiographic effect of rays

from lA to 2.5A is very slight and it becomes even

less if the specimen is placed at some distance from

the film. Even in vacuo the weakening of such

ultrasoft rays is ciuite considerable. If a secondary

magnification of the above image is required the

radiograph of the specimen has to be primarily re-

solved on a fine grain emulsion, of which the sensi-

tivity to X-rays is very low.

The influence of secondary X-rays produced

within the object is ciuite insignificant in both

methods and may be neglected. Scattered radiation

in air may affect both the contrast and sharpness

of X-ray point projection micrograph, especially

if a great distance is required between sample and

emulsion. This influence can be to some extent

reduced by making these radiographs in vacuo. In

historadiography the harmful effect of secondary

radiation may be considerabl}^ diminished by
making use of lead cones and diaphragms between

the X-ray tube and the object-film.*

Geometrical Resolution. Geometric Resolution

of X-ray image is defined by three constituents:

a) magnitude of focal spot; b) thickness of object,

its close contact with emulsion; c) thickness of

emulsion layer.

a) The size of the penumbra is directly propor-

tional to the size of the focal spot. According to

Engstrom and Lindstrom" 5i = (f-a/b) (if a thin

sample is at some distance from the emulsion) and

Bz = [j(a + s)/b] (if a sample is in close contact

with the emulsion), where Bi and B2 are blurrings

of a sample point, /, the magnitude of focal spot, a,

the distance between sample and emulsion or the

sample's thickness, s, the emulsion thickness, b,

the distance between X-ray source and sample.

The diagram (Fig. 1) presents the above inter-

relations. One can see that the size of the focal

spot is of special importance for obtaining a sharp

image in X-raj^ point projection microscopy in

which the magnitude b is ver\' low. The X-ray in-

dustry now produces diagnostic X-ray tubes with

a rotating anode (in order to reduce the overheat-

ing of the target) which have a focal spot of about

330 fjL. In Machlett tubes with beryllium windows
the focal spot is around 1.5 mm. Hilger and Watt
(England) produce a tube wath a 40 fi focus. Coss-

lett and Nixon pointed out that the focal spot in

their tubes for X-ray point projection microscopy

is around 10 fi. For historadiography Engstrom
finds that if the focal spot is 5 mm, b = 50 m.m and

a about 5 fx, the blurring is around 0.5 fi. In case

the emulsion is 10 or 15
fj-

thick this blurring is

around 1.5 /x. According to the above such a

blurring begins to be visible at lOOX. In case of

1 mm focal spot, b = 100 mm and the same emul-

sion, the blurring will not be seen at 300X and

even at 600X which constitutes the maximum
power permitted bv the finest emulsions now avail-

able.

b) In optical and electron microscopy a ratio is

established between the thickness of a transparent

s]:>ccimen and the maximum resolution possible.

Cosslctt gives this ratio as 1:10, i.e., if the object

is 10 M thick we may expect to see sharply micro-

structures of 1 M size. For historadiographs, this

ratio is 1:2, i.e., in HRD of 10 /j. section only 5fJL

structures will be seen sharply, in 5 /a sections, only

2.5 IX, and so on.* Due to the transparency of optical

sections and the use of the micrometer, the above-

mentioned 1:10 ratio can be considerably reduced.

In other w^ords, single structures may be examined

by the light microscope with much higher power

than is possible in two-dimensional HRD-s.
Another problem especially acute in historadiog-

raphy is the uniform thickness of the sample. The
superimposition of image details in sections of

unequal thickness presents different sharpness in

several parts of HRD. Besides that, the contact

between the section unequally cut and the emulsion

cannot be estabhshed w^ell enough at all points and

this also results in different sharpness in varied

parts of HRD.
c) In 649-GH, high resolution, Scientia plates and

films the thickness of the emulsion coat is about

0.5 fx or 500 millimicrons. There is only a little

room within such a small volume for grains if we

take into consideration that on the average the

size of brain (or of each accumulation of grains

after processing) is approximately 50 mfx. Accord-

ingly the thickness of the emulsion layer has no

significant influence on the geometry of X-ray

images at the maximum magnification used in

historadiography. The modern coating of fine

grain emulsion assures also the uniformity of thick-

ness in all parts of the emulsion layer.

Resolving Poiver of X-ray Emulsion, The mo-
saic character of the historadiographic image is re-

vealed at a comparatively low power. Single grains
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or their accumulations become conspicuous in fine-

grain samples on the average at a power of about

300 X. However, the historadiographic image in

many cases may be studied even in the presence of

grains. Much also depends upon the density of

grains within the emulsion coat, their replacement

and disfiguration after the processing. These vary

from one sample to another. Experience shows that

granulation produces intolerable unsharpness only

after 600 X in most samples of fine grain emulsions.

In other words this maximum power corresponds

to geometrical limitations mentioned above.*

The low sensitivity of fine-grain emulsions ap-

pears to be a limiting factor for their use in sec-

ondary magnification of X-ray point projection

microradiographs made with ultrasoft X-rays. The
radiographic effect of such X-rays is very minute,

especially at the distance required for obtaining a

necessary primary resolution. If the angle of di-

vergence is 9° (as, e.g., in the Philips microtube)

then the lOX primary resolution is obtained at the

distance of about 2.5 cm and the 50X at about 10

cm. In both cases the radiographic effect will be

very small and, in case of soft X-rays, will require

many hours of exposure time.

Summing up, we may say that in the study of

HRD-s the geometrical and emulsion limitations on

the whole do not allow the maximum power of

300X to be surpassed. We may accept also that

the relationship is similar for light and X-rays be-

tween the resolving powers of the human retina and

the microscope (see introductory remarks). In other

words, with the maximum of 300X we may ex-

pect to study in historadiographs structures of the

order of 1 /* (300:300). In order to see the above

(A)

(B)

Fig. 2. Juxtaposed stain historadiograph of rabbit bone in case of experimental atrophy.

10 [JL section, 8 kv, Eosin-Thionine, 120X. A. HRD, B. Colored Specimen. Decalcified bone
tissue at arrows. Several intraosseous lacunae with osteocj^tes within the area of halisteresis.
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Ifuhji

structures with the necessary sharpness we must

use for radiography sections no thicker than 2 fi.

As proposed by us a resolved and secondarily

magnified X-ray image can be only then called a

historadiograph or microradiograph if it does not

lose its contrast and sharpness at 35X and more.

Magnification of Radiograph of a Whole (Not

Dissected) Object. Such a magnification is called

"micro-macroradiography" or "magnified macro-

radiography." It is obtained either through the

increase of distance between the film and radio-

graphed object or through the secondary (empty)

magnification of the conventional radiograph.^'
11, 15, 16

It is clear from the above that no true resolution

is possible by either method. The radiograph of the

whole (not dissected) object presents a summation

of images of many levels, while the true resolution

is possible only of images of one level several mi-

crons thick. The summation results in penumbras

which are present even in the sharpest conventional

radiograph. These penumbras do not damage the

image if their size is not greater than 0.3 mm. Both

the increased distance between the object and film

and the secondary magnification of the conven-

tional radiograph increase the size of penumbras
and consequently may make them visible. Experi-

ence shows that VAX or 2X are the maximum
magnifications which may be accomplished in both

methods. These small magnifications can be ob-

tained only of those radiographs which were made
with the 0.3 mm-focal-spot tubes, no-screen films

and at a distance of 5 to 7 feet. Sometimes such

micromacroradiographs permit a better viewing of

radiographed details. However, it is very doubtful

if the latter do contribute to any improvement of

the X-ray diagnosis.

From the theoretical point of view body-section

radiographs appear to be the most appropriate for

secondary magnification. However, the number of

penumbras in such a radiograph is so great that

even a very low magnification of it should be pos-

sible only in exceptional cases.

Perspectives of Further Development of Histo-

radiography. In a previous article* fields of medico-

biologic research werp indicated in which histo-

;)

Fig. 3. Serial HRD-s of rabbit bone in case of osteomyelitis. 10 fx sections, 10 kv, 120X.

White dots of calcium in soft tissues surrounding bone. The possibiHty of artifact (calcium

dust during the cutting) is excluded because calcium grains are present in all serial HRD-s
and have a similar distribution.
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radiographs can be a powerful tool of research.

Here we shall emphasize those aspects of this

method which have to be improved.

The major difficulty of historadiography is in

the interpretation of the data obtained from both

the physicochemical and morphological points of

view. In the first it is difficult to determine the

quantity of X-rays absorbed by certain biological

elements, in the second to identify morphologically

a biological element absorbing X-rays. For instance,

HRD shows white dots or spots typical for X-ray

absorption by calcium. However, it does not indi-

cate where these calcium dots are located—in cell

or tissue fiber, or whether they are artifacts (e.g.,

calcium dust particles produced during cutting, in-

clusions in emulsion, etc.). This difficulty is over-

come in historadiography of bones and calcified

tissues by a method called Stain Historadiog-

raphy.^- " The method consists of five stages: (1)

embedding of undecalcified bone with surrounding

soft tissues into plastic; (2) serial cutting of blocks

in sections of 10 /a and thinner; (3) historadiography

of above sections: (4) coloring of radiographed sec-

tions with various histological stains; and (5) the

alternate microscopical study of HRD and colored

specimen juxtaposed or superimposed on the same

slide (Fig. 2). Seriahty of historadiography appears

to be the most advantageous in this method. It

helps to exclude any artifacts due to mistakes in

technique (Fig. 3).

Microstereoradiography of sections 10 ix and

thinner is not of much help for the interpretation

of data. It may provide some orientation in thick

sections, mostly in the study of microangiographic

findings .'•
"*

The determination of the precise kilovoltage is

very essential for each microradiographic study. It

was pointed out above that we can now find in the

literature HRD-s of bone sections made at kilo-

voltages much lower than 1 kv with no conspicuous

difference in X-ray absorption from those made at

12 kv and higher. According to our observations the

usual kv meters are not adequate for the precise

measuring of low kilovoltages. Builders of equip-

ment for microradiography have to take this prob-

lem into consideration.

The second combined problem for the physicist

and the biologist is the determination of a thresh-

old beyond which the specific properties of X-rays

can no longer be shown in HRD-s of biological

objects. This threshold has to be determined not

only in abstract tables and mathematical formulas

but it must be shown in concrete examples in

HRD-s of biological specimens.

In some tubes (especially in those used for X-ray

point projection microscopy) X-rays are emitted

on the opposite side of a target hit by electrons.

This presents another problem of excluding the par-

ticipation of primary and secondarj^ electrons in

producing an image.

The next problem is the improvement of fine-

grain emulsion: grains after processsing should be

packed closer and should have a smaller size. The
sensitivity of fine-grain emulsions has to be in-

creased. Further research on grainless films should

also be continued.

X-ray point projection microscopy has two addi-

tional problems: (a) the improvement of a device

permitting the visual localization of certain points

in a specimen before radiography^^; and (b) the

development of appropriate techniques in order to

permit X-ray micrography of serial sections.

In both historadiography and X-ray point pro-

jection microscopy improvement of X-ray staining

techniques is also necessary.*
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MAIZE SEEDS. X-IRRADIATED: PHYSIOLOGICAL AND BIO-

CHEMICAL ASPECTS OF GROWTH*

An extensive bibliography may be compiled con-

cerning the effects of ionizing radiation on plant

life. Most of the literature^'
-•-•-• ^«- ^*' ^«- " " ac-

cumulated since the discovery of X-rays by Roent-

gen in 1895, is primarily concerned with visible

changes (morphologic, genetic and growth aberra-

tions). These visible changes are nevertheless ter-

minal manifestations of microevents which are

now being studied on the physiological and bio-

chemical levels.'' A greater proportion of radiobiol-

ogy (metabohsm and enzymes) has been con-

ducted with animals and animal tissue than with

plants and plant tissue. Specifically, little attention

has been given to the biochemical changes (en-

zymes, nucleic acid and protein metabohsm) and

structural composition of X-irradiated seeds and

seedlings produced from such seed.

Seeds provide a unique material for X-ray study

;

(a) seeds can be subjected to a wide array of en-

vironmental conditions pre- and postirradiation

that are subject to precise control, (b) seeds pro-

vide tissue which can be used to determine in vitro

damage to enzymes and nucleic acids with minimal

comphcations arising from metabolic activity (the

active metabolism of animal and seedling plant

tissue make it difficult to determine the direct or

primary X-ray effects), and (c) seeds can be ger-

minated to study subsequent impairment of cellular

and metabolic functions.

X-irradiation studies, primarily with animal tis-

sue, have shown that irradiation treatment inhibits

adenosine triphosphate (ATP) and nucleic acid

biosynthesis.'^' ''• ''• '' '' Other investigations- ''• "

demonstrated that X-ray treatments alter the ac-

tivity level of certain enzymes. Respiration of tis-

sues and oxygen utihzation by isolated mitochon-

dria are enhanced" while phosphorylation is

decreased'' ^'' "^' ^^ by in vivo and in vitro treatments

with X-rays.

This article presents a study of the effects of

X-irradiation (soft—40 kv) of corn seed on enz3^me

activities, nucleic acid metabolism and cytological

changes in the root tip of young seedlings.

Materials and Methods. Dry seeds (8 per cent

moisture) were placed, embryo up, into sealed

boxes made from acryhc plastic (1/16 inch thick)

and were irradiated from an AEG-50-T unfiltered

X-ray tube with a tungsten target and a berylhum

window (1 mm thick). Soft X-ray treatments were

made at 40 kv and at the rate of 600 r per minute

except for the 1000 kr treatment where the rate

was 4125 r per minute. In a few experiments, hard

X-ray treatments (250 kv) were applied at the rate

of 830 r per minute.

Standard procedures*' ®' "' '^' "'• " were used for

growing material and determining chemical con-

* The authors wish to express their appreciation

to the United States Atomic Energy Commission

for a grant AT( 11-1)791 made to the Agronomy
Department, University of Illinois, Urbana, which

permitted much of the investigation reported

herein.

stituents, enzyme activities and measuring radio-

active materials.

Results and Conclusions. Germination and

Growth. Both hard and soft X-ray treatments (up

to 1,000 kr) of seeds drastically reduced seedling

growth (Fig. 1), but did not inhibit germination as

judged by radicle emergence. Low (50 to 150 kr)

dosages of hard X-rays reduced seedhng growth

more than did comparable dosages of soft X-rays.

Two-day-old seedlings exhibited minimal X-ray

aberrations, although plumule development was re-

duced and roots were thicker and tougher. Irradia-

tion of corn seed with 125 and 150 kr reduced seed-

ling growth less than 100 kr treatments. This effect

was consistent and repeatable but was not observed

with the seeds treated with hard X-rays (Fig. 1).

Other workers have observed this "reversal" of

growth with increased X-ray treatments with both

hard X-rays and with gamma irradiation. The oc-

currence of the reversal and the precise dosage as-

sociated with the maximum "reversal" varies with

species and the pre- and postirradiation environ-

mental conditions. Sicard and Schwartz^ have pos-

tulated that the reversal is caused by interaction of

chromosomal damage and mitotic inhibition.

Histological and Cytological Changes, Mitosis

is extremely sensitive to X-irradiation.^' '^' "^' ^"' ^

Exposure of meristematic tissue or even seeds to

large radiation dosages virtually ehminates cell di-

vision. The meristematic region of X-rayed tissue

or tissue developed from X-rayed seed loses its

characteristic appearance as the cells expand and

mature throughout.

Photomicrographs of root tips from three-day

seedlings grown from irradiated and normal seed

(Fig. 2) illustrate many of the treatment effects.

Few mitotic figures can be detected in root tips

grown from seed treated with 250 kr or higher

dosages. The root tips from irradiated seed appear

somewhat bulbous and have a well-developed vas-

cular system.

The vascular cells have thicker walls than con-

trol tissue and in some instances these cells appear

to puncture the root cap. Large cells are common-

place and found close to the root cap. The meri-

stematic zone of a root from irradiated seed con-

tains fewer but more mature cells; these are longer

by twofold. Cells at the basal portion of the root

are more expanded and the roots are thicker due to

X-irradiation. The increased thickness was due to

a greater (36 to 176 per cent) number of cells and

increased (50 per cent) cross-sectional cell size. In

general, cells of the cortex and stele were irregular

in size and arrangement. Other workers^**' " have

reported similar results with corn and other species.

Growth only by cell expansion has been demon-

strated;"^ thus the radicle growth from X-irradiated

seeds (250 kr or more) is largely dependent upon

cell elongation as cell division has been drastically

inhibited." Haber and Trippold'"' reported that in

the first stages of germination the growth was by

cell expansion followed by a second stage of growth

based on new cell formation. Gamma irradiation of

the seed reduced the second stage of growth but did

not inhibit the first stage. The precise mechanism
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Fig. 1. The effect of seed X-irradiation (hard and soft) on growth of corn roots, shoots,

and scutella three days after planting.

of inhibition of cell division affected by irradiation

treatments is not known.
Chemical Constituents. X-irradiation of seeds

(dosages up to 1000 kr), causes a reduction in re-

ducing sugar, protein, soluble nucleotides and ribo-

nucleic acid (RNA) per shoot in three-day-old

material.® All four constituents decreased with

treatment in a manner roughly parallel to growth

reduction (Fig. 1), even to the slight reversal at 125

to 150 kr treatments. Scutellar tissue showed little

or no effect of treatment on reducing sugar or nu-

cleotide content; however, even low (50 kr) X-ray

dosages impaired the normal loss^ of RNA and

protein from this organ.

Protein and RNA of the scutellum, of which the

latter is largely localized in the microsomal frac-

tion,*' is presumably degraded by endogenous

enzymes and transferred to the developing em-
bryonic axis.^' "• ^^ It is visualized that the de-

creased utilization of these reserve materials was

due to the inhibition of growth (cell division) in-

duced by the irradiation, rather than by the inac-

tivation of the endogenous enzymes.

It has been s\^own''
''''•'''"-''''•'' '' that the

distribution of RNA in the subcellular fractions

undergoes changes during cell growth and matura-

tion. Corn root tissue offers a striking example of

these changes. In meristematic tissue (5 mm root

tips) from untreated seed, the total RNA was dis-

tributed as follows: microsomal fraction, 45 per

cent; heavy mitochondrial fraction, 25 per cent;

and light mitochondrial fraction, 15 per cent. In ma-

ture root tissue (5-15 mm section) the distribution

was : microsomal fraction, 5 per cent ; heavy mito-

chondrial fraction, 80 per cent ; and Hght mitochon-

drial fraction, 8 per cent. The distribution was
characteristic for both tissue and independent of

seedling age. The total RNA content (/j.g/g fresh

weight) of mature tissue was much lower (one-

fifth) than that of meristematic tissue.

X-irradiation (250 or 500 kr) of seed caused

marked changes in the total RNA content and its

subcellular distribution in meristematic root tissue,

but did not affect the total content or distribution

in mature tissue. Minimal changes (25 per cent de-

crease in microsomal RNA) were observed in meri-

stematic tissue (5 mm root tips) obtained from
two-day-old seedlings from X-rayed seed. Pro-

gressive changes were noted with seedling age, and

root tips from four-day-old seedlings had the RNA
content and distribution (70 per cent decrease in

total RNA and minimal microsomal RNA) char-

acteristic of mature tissue. Similar results were ob-

tained with mesocotyl (meristematic and maturing

tissue) sections.^

Incorporation Studies with Labeled Compo-
nents. Untreated and X-rayed seeds were germi-

nated and the seedlings incubated in P^" for one

hour prior. Root tissues were removed and frac-

tionated to determine the amount of P'^' incorpo-

rated into RNA of the various particulate fractions.

Relatively small amounts of P'^" were incorporated

into the subcellular fraction of meristematic (5 mm
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Fig. 2. A comparison of longitudinal root apices

(0 to 3mm) from a control root (top) and a root

(bottom) grown from 1000 kr radiated seed. Gen-
erally, metaphase was the only stage of mitotic

division observed in the X-irrndiated roots.

root tips) or mature (5-15 mm) sections with two-

day-old roots from untreated seed. Comparable

tissue from X-rayed seed incorporated less P^ into

all fractions with the one exception of the mito-

chondrial fraction from the mature tissue. In con-

trast, the irradiation treatment enhanced (three-

to eightfold) the incorporation of P^^ into the

subcellular fraction (both meristematic and mature

tissue) when three-day-old seedlings were used. In

all cases the greatest amount and highest rate

iCFM/fxg RNA) of P"^ was incorporated by the

heavy mitochondrial fraction.

In a similar manner the incorporation of nu-

cleosides and nucleotides into the nucleic acids of

nuclear material of intact seedlings and excised

root tips was examined. In all cases the nuclei in-

corporated the greater amounts of labeled nucleo-

sides and nucleotides than the other subcellular

fractions and in all cases X-irradiation treatments

enhanced the amount incorporated. Other workers"

have shown that X-irradiation treatments enhance

the incorporation of nucleosides and amino acids

into nucleic acids and protein. However, Welling

and Cohen*' have suggested that the inhibition of

RNA synthesis of the nuclei by X-irradiation pre-

vents the synthesis of DNA and consequently im-

pairs nuclear function in the early phase of rat liver

regeneration. Of all the subcellular fractions, mi-

crosomal RNA incorporated the least amount of

radioactivity, wh^"ch agrees with the work of Ts'o

and Sato." It is evident that X-irradiation does not

impair the ability of the subcellular fractions to in-

corporated labeled precursors.

These preliminary studies with labeled com-

pounds indicate that X-irradiation treatment of

seed changes the normal pattern of RNA metabo-

lism. More intensive studies concerned with the

amounts and rates of incorporation of labeled pre-

cursors provide an approach towards understanding

the inhibitory effects of X-ray treatments on

growth.

Enzyme Studies. Certain enzymes (triosephos-

phate dehydrogenase, aldolase, glucose-6-phosphate

dehydrogenase and alcohol dehydrogenase) which

can be easily extracted from corn or soybean seeds

are completely unaffected by X-irradiation (500 kr,

40 kv). Sulfhydrvd groups of some of these en-

zymes are known to participate in the catalytic

action; therefore, it is evident that the active

sulfhydryl groups are not destroyed by X-irradia-

tion of seeds. Embryonic axes and scutella obtained

from three-day-old seedlings grown from X-rayed

and untreated seed were assayed for triosephos-

phate dehydrogenase and aldolase content.

Specific triosephosphate dehydrogenase activity

in scutella or axes was essentially uncffected by

X-ray treatment. The small changes in specific

activity and the marked changes in activity per

axes were attributable to reduction in growth.

X-ray treatment had a similar effect on aldolase

activity extractable from the embryonic axes. In

contrast, specific aldolase activity was enhanced

in both scutellar and embryonic axes tissues by the

X-ray treatments.

Mitochondria from embryonic axes or scutella

from X-rayed seed did not differ, significantly, in

activity from mitochondria prepared from com-

parable control tissue. As shown,^ these changes

can be explained as indirect effects associated with

growth.

Ribonuclease (RNase). Homogenates of corn

root tips possess enzymes (RNases) that will de-

grade RNA^ to the mononucleotide units. Since

RNA content of the various organs of the corn

seedlings was altered by X-irradiation, the level of

RNase present in the various parts was deter-

mined. The results show that RNase activity was

increased (up to fivefold) in root tips from three-

and four-day-old seedlings grown from X-rayed

seed. RNase activity was not affected in two-day-

old root tips.

A comparison of the RNase activity of root tips

from control seedlings shows that RNase activity

increased with cell maturation and growth; thus,

part of the increase in RNase in the root tips (5

mm section) from treated plants may result from

the more mature cells in this tissue. Exposure of

seeds to X-irradiation enhances RNase activity

of the mature cells (5 to 15 mm root section) but

to a lesser extent than observed with the root tips

(5 mm section). RNase activity of normal matur-

ing cells decrease with seedling age, whereas the
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RNase activity of the roots from X-rayed seed

show a slower rate of decrease.

In contrast, the RNase activity in the scuteUum

is decreased (15 to 20 per cent) when the seeds

have been treated with X-rays. This is in agree-

ment with the suppression by X-ray treatments

of the utihzation of the RNA stored in this organ.

Thus the enzymes examined in seeds or ger-

minating seedhngs do not appear to be directly

inactivated in situ by X-ray treatment of the

seeds, as most of the changes in level of enzymatic

activities can be associated with changes in growth

and rate of growth. Although RNA metabolism in

the germinating seedling is altered by X-ray treat-

ment of the seed, the changes observed may be

largely affected by alternation in growth. In com-

mon with other radiobiological investigations the

precise site of direct inactivation or damage to

the biological organism by X-ray treatments re-

mains unsolved.

7.
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MALFORMATIONS, CONGENITAL, INDUCED BY RADIA-

TION*

It is a matter of common knowledge that ioniz-

ing radiation may induce congenital malforma-

tions in the fetus after irradiation of pregnant

women. During recent years much experimental

work including irradiation of pregnant test animals

with large doses has been carried out in order to

clarify this problem and its importance for medical

radiology.

By far the greater number of the animal experi-

ments have been performed with large doses (cor-

responding to therapeutic irradiation) and only a

few with small doses (less than about 100 r) and

with doses of the order of magnitude which occurs

in roentgen diagnostics (less than about 10 r).

*From Strahlentherapic 116. 152 (1961), by per-

mission.
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Animal Experiments. Most of the experimental

works are carried out by L. B. Russell" L. B.

Russell and W. L. Russell/' by Rugh,^^ by Rugh
and Grupp/'' and by Warkany and Schraffen-

berger.^' Experiments with isotopes have been car-

ried out by Sikov and Noonan.'°

According to Russell and Russell (1952), the

most radiosensitive period of human pregnancy is

from the 2nd to the 6th week, while Townsend

(1958) believes it to be from the 12th to the 18th

week and Rugh,'^'' assumes the most radiosensitive

period to be immediately after conception.

In the following article some examples from the

literature will be quoted in which small doses have

been applied.

Job et al? irradiated pregnant rats on the 8th

to 11th days of gestation and induced malforma-

tions by means of 35 to 90 r.

The information about the incidence of malfor-

mations following the use of varying doses is

widely different. For example, Wilson,^^ exposed

pregnant rats to radiation on the 8th to 9th days

of gestation and found 1 to 5% growth retardation

with 12.5 r and 6 to 12% growth retardation and

6% eye malformations with 25 r. Hicks,° showed

that neuroblasts of rat and mouse embryos necro-

tized after a dose of 40 r, while, according to The
United Nations' report,^^ other researchers have

produced in vitro changes in embryonal neuro-

blasts with a dose of 1 r. Presumably, doses below

1 r will not produce perceptible injuries (Russell

and Russell,^' "While doses below 25 r have not

yet been experimentally explored, it seems un-

likely, from the nature of the 25 r results, that

measurable adverse effects would result at <1 r.")

It is of great practical value to know the per-

centage risk of malformations following a definite

dose and at a certain stage. Examples of dose effect

graphs for doses below 100 r are given in Figs.

lto4.
Murakami and Kameyama"^^ exposed pregnant

mice to radiation 8 days post conception, corre-

sponding to approximately the 21st day of human
pregnancy (Fig. 1). As abnormal fetuses were also

found among the controls, it may be presumed

that any dosage is hkeh^ to increase the hazard

and that perhaps no lower threshold exists.

L. B. RusselP' irradiated pregnant mice 7.5 days

post conception (approximately the 18th day of

human pregnancy) and observed various types of

malformations. The examples shown have a 100%

incidence at 100 r, but only 6 fetuses have been

studied following this dosage (Fig. 2). About these

examples L. B. Russell" stated in "Medical News"

that for fused ribs there is definitely a threshold

dose for induction as this type of malformation

was not found at 0, 25 or 50 r.

The graph for fused ribs is interesting in view

of the possibihty of the existence of a threshold

dose. Mr. Arne Nielsen, Master of Actuarial Sci-

ence, has been good enough to calculate the 95%
confidence intervals for this graph, which is based

on examinations of 104 fetuses (39 controls, 30 at

25 r, 29 at 50 r and 6 at 100 r).

It appears (Fig. 3) that with 95% certainty the

incidence will fall within the shaded fields. Theo-

retically, a definite threshold was perhaps not

found, but for practical use it might presumably

be concluded that the curve indicates a threshold

between 50 and 100 r.

Rugh and Grupp'*' irradiated pregnant mice 0.5

day post conception with doses ranging from 5 r to

25 r. Most likely, these are the lowest levels of

irradiation ever apphed in animal experiments.

The graph (Fig. 4) is rather irregular, but shows,

however, increasing incidence at higher doses.

Human Investigations. At X-ray examination

of the abdomen in pregnant women the fetus will

often be exposed to whole-body radiation, while

this will only on rare occasions happen after birth.

Most likely, congenital malformations are only in-

duced by irradiation during the first three months

of pregnane^'.

The hterature does not contain any extensive
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Fig. 1. Abnormal embryos. Mouse embryo ir-

radiated 8 days after conception (Murakami and
Kamej^ama, 1958).

Fig. 2. Congenital skeletal anomahes. Mouse
embryo 7.5 and 8.5 davs after conception (L. B.

Russell, 1959).
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Fig. 3. Fused ribs (L. B. Russell 1959).

studies of children exposed to irradiation in utero

with small doses and later on followed up espe-

cially with a view to congenital malformations.

True enough, the comprehensive series examined
by Stewart et al?^' ^^ with a view to the etiology of

leukemia and cancer during childhood contained

18 cases with only two controls which had been
exposed to diagnostic irradiation during the first

half of gestation. The case/control ratio (9.00)

was thus considerably greater than in the series

comprising the entire period of gestation (178/93 =
1.91). A more exhaustive study of the irradiation

and diseases of these 18 children would presumably
be extremely interesting.

Petrov-Maslakov and Kosachevsky^^ followed

up 68 children, whose mothers had been exposed
to X-ray examination of the abdominal region

during their pregnancy. The authors conclude
that pelvic irradiation for diagnostic purposes on
no account should be performed during the first

half of gestation. As the paper is published in the

Russian language, we are, unfortunately, precluded
from reporting the results.

Furthermore, a few cases of diagnostic irradia-

tion injuries are reported. Murphy^^ mentions a

woman who had been subjected to two retrograde

pyelographies at her 5th to 6th week of pregnancy.

At the end of term she gave birth to a mongoloid
idiot. The fetal dose may be estimated at about
5-25 r, but according to available information
about genetic causes in some cases of mongolism
the above case is perhaps not induced by irradia-

tion.

Tygstrup^® mentions a stillbirth with pronounced
skeletal malformations. The mother underwent a

photofluoroscopic examination of the chest in her
third month of pregnancy. Since the fetal dose had
presumably not exceeded 0.01 r, the irradiation

might hardly have induced the malformations.
Roland and Weinberg^* mention the birth of a

normal child after X-ray therapy in the first and
second weeks with a fetal dose of about 18 r.

Maurer"^" discusses a case of retrograde pye-
lography earlv in pregnancy (before the third

Fig. 4. Intra-uterine death and resorption.

Mouse embryo irradiated 0.5 day after con-

ception (Rugh and Grupp 1959).

month) and estimates the fetal dose at about 0.4

r. Because of the irradiation hazard the patient ap-

phed for therapeutic abortion, which was refused

in the first instance, but later on abortion was,

nevertheless, induced. Fetus is not described.

Maurer concluded that one single X-ray examina-

tion of the abdomen early in pregnancy does not

indicate therapeutic abortion.

Hammer-Jacobsen^ mentions 11 cases of X-ray

examination of the abdomen during the first three

months of gestation, involving fetal doses ranging

from 0.01 to 18.9 r. As provisional directives it was

suggested that fetal doses of more than about

10 r might indicate therapeutic abortion, while

doses ranging from 1 to 10 r should support such

indication. In 3 out of the 11 cases the pregnancy

went to term. One of the women gave birth to a

normal child (fetal dose 0.09 r (0.01 to 0.20)),

another to a child with lumbar myelocele (fetal

dose 0.6 r (0.07 to 1.6)). The third patient had
been subjected to five abdominal X-ray examina-

tions and gave birth to a premature child with re-

tarded development (fetal dose 3.7 r (1.1 to 18.9)).

Most X-ray examinations of the abdomen (e.g.,

examination of the lumbar spine, retrograde pye-

lography, etc.) only involve fetal doses of about

0.5 to 1 r and very seldom (e.g., cystography) the

dose will range from 1.5 to 2 r. Consequently, fetal

doses above 10 r will presumably only be reached

when the same patient is subjected to several X-
ray examinations.

IsraeF mentions a woman who received X-ray
treatment about 4 and about 13 days post con-

ception. Total fetal dose was approximate!}^ 70 r.

The child was microcephalic. Later on the patient

had two normal children.

Falk^ discusses whether numerous congenital

malformations in a child might be due to the fact

that on her 28th or 40th day of pregnancy the

mother had been subjected to a thyroid examina-

tion with P^^; estimated fetal dose, 0.03 r.

Hammer-Jacobsen and Munkner* conclude that

anencephaly and malformations of the limbs in a

fetus whose mother was a technician at a clinical
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radioisotope laboratory could hardly be due to

radiation exposure (estimated fetal dose 0.03 r).

Discussion. As the normal frequency of con-

genital malformations is rather low, fairly compre-

hensive series are required if changes in the inci-

dence are to be demonstrable. It will therefore be

easier to carry out future research work on an

experimental basis.

However, it will always be difficult to apply the

results of animal experiments to human beings,

among other things on account of presumed differ-

ent irradiation sensitivity, different periods of ges-

tation, and different degrees of inbreeding. Animal

experiments have hitherto more often than not

been made with rather high doses. Future experi-

ments should, presumably, comprise large numbers

of animals and be carried out with doses ranging

from about 1 r to about 5 r, while the animals

should be irradiated in different stages of gestation

and examined with a view to various types of con-

genital malformations. Additional experiments

might be performed with fractioned irradiation and

with different dose rates" and varied radiation

qualities.

Especially in view of the few human cases

hitherto pubhshed it is difficult to draw any con-

clusions as to fetal injuries following low doses of

radiation.

Human investigations based on extensive series

will be of particular interest. It will be especially

interesting to follow up children whose mothers

have been subjected to abdominal X-ray examina-

tion during the first four months of pregnancy.

Prospective investigations will take a long time

but will perhaps give the best results. Retrospec-

tive investigations can be performed more ciuickly

but are encumbered with more sources of error.

Both prospective and retrospective investigations

have their advantages and disadvantages.*" An in-

teresting prospective study is at present going on

at the Copenhagen University Institute of Human
Genetics."*

Until additional results are available, it might

be wise as far as possible to avoid irradiation of the

fetus during the first four months of pregnancy.®'
"

To avoid irradiation of unsuspected pregnancies,

X-ray examinations of the abdomen in women
of childbearing age should as far as possible be re-

stricted to the two weeks following onset of the

menstrual period .^^

X-ray examinations of the chest in pregnant

women involve vaginal doses not exceeding 0.001

r.^ Consequently, chest examinations presumably

do not involve risk of fetal injuries.

Conclusion. There seems to be general agree-

ment that irradiation during the first half of the

gestation period may cause congenital malforma-

tions and that the incidence is increased on in-

creasing the doses. On the other hand there seems

to be no definite facts to rely on as regards lower

threshold doses or as to the nature of dose-effect

graphs. Neither are researchers agreed upon the

most radiosensitive phases.

It will presumably be necessary to carry out sev-

eral animal experiments with doses ranging from
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about 1 r to about 5 r and to follow up a great

number of children who have been irradiated in

litero with low doses.

For the present X-ray examination of the ab-

domen should, whenever possible, not be per-

formed during the first four months of pregnancy.
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MANAGEMENT OF THE ANALYTICAL FUNCTION IN RE-

SEARCH LABORATORIES*

Fifty people, a third of our staff, operate our

X-ray equipment. This is the result of the flexible

system inaugurated three years ago in our labora-

tory for management of the use of analytical

instruments—absorption spectrometers, gas chro-

matographs, particle-size apparatus, nuclear mag-
netic resonance spectrometers, and electron micro-

scopes as well as X-ray spectrometers.

Briefly, this is the system : All of our instruments

are available to anyone who wishes to use them.

Technicians are available to do routine work, but

they are primarilj^ university students who work
nights. Scientists who have had extensive educa-

tion and experience in instrumental analysis are

responsible for training, supervision and consulta-

tion. Careful study of the requirements of a re-

search analytical function pointed clearly to a

system of this type.

Certainly, research scientists should not be ex-

pected to spend long hours doing routine work,

but neither should they be deprived of the oppor-

tunity to personally operate analytical instru-

ments if they desire to do so. Giving research

workers this additional degree of freedom is not

intended merely to boost their morale; it also re-

sults in more fruitful experiments. In many cases,

the research worker's intimate knowledge of the

S3^stem being studied is required for detection of

minor but critical experimental variations which

would go unnoticed by a technician.

To achieve maximum effectiveness, a research

analytical function must incorporate some means
of educating all laboratory personnel in the prin-

ciples, capabilities and limitations of the various

analytical techniques. Familiarity with instrument

operation is a part of this education and is a

definite aid in experiment planning.

The instrument companies deserve much credit

for making a program such as ours feasible.

Today's instruments are much simpler to operate

and more rugged than were their predecessors. The
pH meter affords a simple example. Not manj^

3^ears ago, pH measurements were difficult to

make. Master's degrees were awarded for a few
measurements. Today, pH meters are common fix-

1

tures in all laboratories, and it would be absurd to

* Presented at a Symposium honoring retire-

ment of Prof. G. L. Clark, University of Ilhnois,

May, 1960.

set up a service group to operate them. X-ray

spectrometers and other instruments, of course,

have not achieved pH meter simphcity, but most
of them have advanced to the point where special-

ists are no longer required to operate them.

Flexibility is the key feature of our system.

Work can be done by the individual involved or

bj^ technicians—with or without consultation from

a specialist. Which alternative is chosen depends

upon the nature of the job and upon how it can be

done most expeditiously. Only the equipment

—

not individuals—can become a bottleneck; and
the capacity of the equipment is effectively

doubled by use of technicians on a night shift.

An extensive training program was undertaken

at the time our system was put into operation.

As a first step, detailed operating instructions

were written for each major piece of equipment.

Manuals provided by the manufacturers were used

as much as possible but were sometimes incom-
plete, out-of-date, or difficult to follow. (In a few

cases, none were provided.) These operating in-

structions were distributed widely throughout the

department.

Flip-chart operating instructions were also pre-

pared. These consist of abbreviated, step-by-step

operating procedures printed in large, easy-to-read

type on 8 V2 X 11-inch easel flip-charts. Each of

these chart stands on or close to the respective

instrument. Their use is one of the most important

features of our program. They serve as checklists

for people who have studied the more detailed

manuals and have learned how to operate the

equipment, but who do not use it every day and
therefore may not remember all the details of op-

eration. They insure proper use of the instruments

and prevent injury to the operator or damage to

the instruments through misuse. The flip-chart

idea has gained wide acceptance. At the request

of several instrument companies, we have sup-

plied these charts for their use.

A series of seminars was conducted on the

various instrumental methods of analysis as part of

our training program. These seminars covered

principles, techniques, applications, and data inter-

pretation as well as instruction in the operation

of specific instruments. On the subject of inter-

pretation, much of the information is straight-

forward, as is the identification of a crystalline

substance by X-ray powder diffraction, for ex-

ample. In such cases, a rudimentary knowledge
of the analytical technique coupled with an inti-

mate knowledge of the system being studied is

more effective than the reverse situation, and the

individual gathering the data is capable of inter-

preting them himself. For cases in which the in-

terpretation of data is less routine, specialists are

available for consultation.

Training is continued as additional people de-

sire to learn about the various anah^tical tech-

niques. In many cases, those who have learned

previously teach others.

We are frequently asked whether scheduhng

the use of our equipment is not a problem when
so many different people use it. The answer is
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that it has been no problem at all. We simply

place a calendar at each instrument. Users sign

up for the time they want, and the very few con-

flicts which arise are settled by the individuals

involved.

One might also guess that with a large number

of operators, equipment maintenance problems

would be excessive. This has definitely not been

the case, however. We have experienced only the

normally expected amount of down time. And few

if any of the breakdowns which have occurred

could be traced to misuse. Use of the flip-charts

has minimized damaging operational errors. But

the trouble-free operation which we have experi-

enced also backs up our contention that present-

day instruments can successfully be used on a

multioperator basis.

The entire analytical system has been well-re-

ceived by our personnel. An idea of the degree of

the acceptance can be obtained from the fact that

during the day, when individuals run their own
samples, the equipment is generally in heavier de-

mand than it is at night, when technicians are

available to run them.

Three years ago, this system was a promising

but uncertain experiment. Today we are com-

pletely convinced of its effectiveness. We feel that

it represents a modernization of outdated methods

of managing the analytical function in research

laboratories. We are confident that in the future

other laboratories will adopt similar systems.

Emmett F. Kaelble and Cl.\yton F. Callis

MARTENSITIC PHASE TRANSFORMATION: APPLICATION

OF HIGH-TEMPERATURE DIFFRACTOMETRY

High-temperature X-ray diffraction is an im-

portant tool for the recognition and investigation

of martensite phase transformations. Phase changes

of martensitic character are very common in

metals and alloys.^ They are rather uncommon in

nonmetaUic systems but they do occur.^ Fre-

quently, the martensitic nature of a phase change

is recognized by the typical microstructure that

results from the transformation, and metallo-

graphic techniques, including high-temperature

microscopy, are widely used in such investigations.

In addition to these important techniques, a high-

temperature diffractometer is a very powerful tool

for the recognition and investigation of a mar-

tensite phase transformation.

While this article is primarily concerned with

information to be derived from powder diffraction

data, it should be mentioned that the techniques

employed for the study of preferred orientations,

which are dealt with elsewhere in this encyclo-

pedia, are also germane to the study of martensite

phase transformations, because in such transfor-

mations the orientations of crystal planes in the

grains of the high-temperature or parent phase

and those of the low-temperature or martensite

phase are related in a definite manner.^

One-Component Systems. Fundamental Con-
siderations, The diagnosis of the martensitic na-

ture of a phase transformation in a one-component

system makes use of the following kinetic and

thermodynamic properties of the martensite trans-

formation.

A conventional phase change, in an element or

pure compound, takes place at a single and re-

producible temperature; the transformation, at

equihbrium, takes place isothermally at this tem-

perature. If equilibrium is attained, the diffraction

pattern will reveal the high-temperature phase

exclusively above the transition temperature, and

the low-temperature phase exclusively below it.

By contrast, the martensitic phase change occurs

over a range of temperatures with coexistence of

the two phases. A diffraction pattern taken at any

temperature within the transformation range

(which may be only a few degrees wide in some

cases and a few hundred degrees in others) will

show both phases to be present simultaneously.

This state of affairs must, of course, be distin-

guished from a conventional phase reaction which

has not reached equilibrium, e.g., when the trans-

formation is sluggish. The essential difference is

that a conventional phase change will tend to-

ward equilibrium isothermally, while the typical

martensitic s\'stem remains static at a constant

temperature but changes very rapidly when the

temperature is changing.

For those readers to whom this is an unfamihar

idea, a shghtly fuller explanation is offered here.

The coexistence of two phases over a range of

temperatures in a pure material does not conform

to the phase rule in the familiar form F = C —

P + 2. The letters, F, C and P have their usual

meanings as defined in any discussion of the phase

rule in texts of physical chemistry or thermody-

namics. Actually, the general form of Gibbs' phase

rule is F = C — P -\- n, where n is the number of

external intensive variables of which the state of

the system is a function.* In most cases, only tem-

perature and pressure need be taken into account,

hence the familiar number "2." The martensite

transformation is one of several examples where

additional variables become important. Specifi-

cally, the martensite transformation depends on a

variable (or variables) related to the lattice strain

energy, which changes during the transformation,

so that n is at least "3," resulting in at least one

additional degree of freedom.'-' The difficulty

posed by this extra variable is not so much that

it is not represented in the equilibrium diagram

—

this could be taken care of—but that it is not

under the control of the experimenter, cannot even

be measured accurately, and is, in general, not

precisely reproducible. Its values depend on the

history of the specimen, and this accounts for the

fact that the temperature range of a martensitic

phase transformation may be somewhat variable

and exhibit hysteresis on thermal cycling.

For a given specimen under observation in a

particular experiment, there is for each value of

the temperature within the martensitic transfor-

mation range a definite numerical value for the

ratio of the amounts of the two phases. In a typical

martensite transformation, this ratio remains con-

stant as long as the tem^perature is held constant

but will change at once to a new value when the
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temperature is changed. The martensite trans-

formation proceeds through the material with a

speed that is of the order of magnitude of the

velocity of sound in the medium/ Because of this

high speed, there is no measurable time lag be-

tween the ratio of the amounts of the two phases

and the temperature, and the reaction cannot be

observed isothermally.*

Diagnosis by Diffractonietry. The distinction

then between a sluggish conventional phase change

and a martensitic one rests on the following ob-

servation: If two phases are observed to coexist

at some particular temperature, the experimenter

should, at constant temperature, continually scan

across two adjacent diffraction lines one of which

is characteristic of the first phase and one of the

second phase. If the phase change is of conven-

tional character, one line will diminish in intensity

and finally disappear in time, while the other in-

creases in intensity and reaches a constant value

when the other has vanished. In a martensitic

phase change, the intensities of both lines will

remain constant at constant temperaturet but will

be considerably altered as soon as the temperature

is changed. The high-temperature diffractometer

is especially suited for this type of measurement,
since high-temperature film cameras lack the

ability to measure the element of time. Examina-
tion of quenched specimens cannot furnish the de-

sired information, because it is impossible to

quench the high-temperature phase involved in a

martensite transformation. Furthermore, the high-

temperature
^
diffractometer can not only identify

the phases involved, but can also map the trans-

formation range and its hysteresis.

Binary Systems. Necessity for Working in

Binary Region of Phase Diagram. If component
^ of a binary sj^stem exhibits a martensite trans-

formation and component B is soluble in A in the

solid state, the terminal solid solution will also

undergo the martensite transformation. Ideally,

the least ambiguous way to demonstrate the mar-
tensitic character is to prove it for the pure com-
ponent A. In practice, this is not always possible.

The slope of the temperature vs. composition
curve for the transition is often rather steep, and
the transformation temperature in the pure com-
ponent may be beyond the capacity of the equip-

ment. In such a case, the investigation must be
performed in the binary region. Another reason for

working with the solid solution directly may be
that it is not a terminal one but constitutes an
intermediate phase. Still a third reason may be

that some special interest is attached to a particu-

lar concentration range.

Let us grant then that we wish to distinguish

between conventional and martensitic phase trans-

* This is not strictly correct. If a stress is applied
to the specimen, this may alter the lattice strain
energy, and the reaction may be observed at con-
stant temperature; i.e., a changing mechanical
stress can bring about the same result as a chang-
ing temperature.

t Over a longer period of time, some changes
may be observed as the result of recrystallization
with attendant preferred orientation.

rr.

A 7oB
Fig. 1. Conventional two-phase region.

A' 7oB
Fig. 2. Martensitic region of coexistence.

formations in the solid solution area of a binary

phase diagram. This requires methods that are dif-

ferent from those appropriate for one-component
systems, and attention must be called to one more
characteristic of martensite transformations.

Fundamental Considerations. The martensite

transformation is diffusionless, and the absence of

diffusion in this connection is defined to mean that

no atom moves past a neighboring one. The
change occurs by the tilting and shearing of en-

tire planes of atoms in unison and, while some
interatomic distances and some angles are altered,

the sequence of atoms along any lattice row is the

same in its new orientation as it was in the old one.

This has an important consequence for binary sys-

tems in that it rules out the compositional changes

that are associated with conventional binary phase
transitions. In a martensite transformation, the

two phases involved differ in cr.ystal structure but
always have identical compositions.J Thus, in the

phase rule sense, a martensite transformation is

a unary phase reaction, i.e., behaves like a one-

component system, regardless of the chemical

complexity of its composition."

In order to appreciate the difference, examine
Figures 1 and 2. Figure 1 shows how the conven-

tional polymorphism of component A is carried

into the terminal solid solution as a two-phase

+ Exceptions are found in the class of so-called

"atypical" martensite reactions. In some of

these, the initial martensitic change is followed
by a limited amount of diffusion of atoms to new
positions, so that some change of composition is

possible. These transformations represent an inter-

mediate type. Examples can be
_
found in the

uranium-chromium system" and in the bainite

transformation in steel.^
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a.oCC(/a/C)

co/\^ms/r/oN

Fig. 3. Conventional two-phase region, lattice

parameters V8. composition.

(COB/C)

COM/VS/T/ON

Fig. 4. Martensitic region of coexistence lattice

parameters vs,. composition.

A^oie: The compositional overlap which is shown
here to be quite large, often is barely detectable.

region. The significance of this region is that

there cannot exist any phase with a combination

of temperature and composition falling within its

outline. When the over-all composition of the

system at some temperature is represented by a

point within the two-phase region, then the sys-

tem will consist of two phases whose compositions

are located by the two ends of a horizontal iso-

thermal tie-line across the two-phase region at the

temperature in question. If the temperature could

be lowered through the two-phase area from a

point above to one below in such a manner that

the system would be at equihbrium at all times,

then the compositions of the two phases would

be changing continuously, moving along the

boundary lines of the two-phase region. Unfor-

tunately, in the solid state it is rarely possible to

carry out this process under equilibrium conditions

in a finite time.

Figure 2 shows how the martensitic polymor-

phism of component A' is carried into the termi-

nal solid solution. Ti — Tz is the transformation

range for pure A' . There is no prohibition against

phases having compositions within the area

bounded by the dashed lines; these merely out-

line the temperature interval through which the

two phases of identical composition can be ob-

served simultaneously when the temperature is

lowered through this area. The area contains no

tie-lines, and it is a region of coexistence rather

than a two-phase region in the above sense.

Diagnosis by Diffractometry, In the case of a

pure material, a changing temperature allowed

one to distinguish between conventional and mar-

tensitic phase changes, as outlined in Diagnosis by

Diffractometry. If the same procedure were fol-

lowed for a binary system, two phases would be

observed in either case, and it would be most diffi-

cult to recognize, from the X-ray patterns alone,

the changing compositions in the conventional

case versus the constant composition in the mar-

tensitic case, especially since the former might not

readily come to equilibrium.

For the binaiy system, the diagnosis should be

made by means of a simulated titration experiment

at constant temperature. This is carried out by

examining in turn a series of points that lie on a

straight horizontal (isothermal) line in the phase

diagram. One choses a series of compositions across

the area of interest, equilibrates each at the same

temperature for as long as is necessary and meas-

ures the lattice parameters. For purposes of illus-

tration, let us take a transformation from cubic

to tetragonal symmetry, a common case. Along

an isotherm crossing the two-phase region, or the

region of coexistence, respectively, the lattice

parameters will change with composition as shown

in Fig. 3 for the conventional case and in Fig. 4

for the martensitic case. In Fig. 3, the two-phase

region for the conventional phase change is clearly

apparent, as is its absence in Fig. 4. In particular,

the break, in the conventional case, from inclined

to horizontal in the slope of the parameter vs.

composition curv^es as they enter the two-phase

region should be looked for. This will be absent

in the martensitic case (Fig. 4); the curves are

continuous to their respective terminations.

Whether or not the overlap of the two phases in

the martensitic case, shown clearly in Fig. 4, will

be noticed or not depends on the width of the

region of coexistence.

Phase Changes of the Second Order. Gener-

ally, the martensite transformation is a first-order

phase change. This is not always true in an other-

wise closely related class of phase transforma-

tions. Ferroelectric and some ferromagnetic transi-

tions are accompanied by changes in the crystal

structure. These changes are essentially marten-

sitic although the strain energ\^ appears to have

been replaced as the determinative variable by

the more reproducible electrostrictive or magneto-

strictive force. Some of these transitions are of the

second order.^

Of the several features of second order phase

changes,"' ^^ the one that the diffractionist will

trv' to detect by his methods is the absence of a

volume discontinuity. For either unary or binary

systems, a plot of lattice parameters vs. tempera-

ture will present the appearance of Figs. 5 and 6.

In a binary system, a plot of parameters vs. com-

position will be similar. It is apparent that the

molar volumes of the two structures are the same

at the transition but that dV/ dt is discontinuous at

that point for the second order transformation.

In Fig. 6, the discontinuity is that of a higher

derivative of the volume, and hence the order of

the transformation is higher than second. It should

be noted that the curves in Figs. .5 and 6 are

idealized. Experimentally, it is generally difficult
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s^ao/\/p O^D£/i

T£MPfMrU/^£
Fig. 5. Lattice parameters vs. temperature for

phase changes of second order.

Wolten, G. M., "Phase Transformations in the
SoHd State," in "Progress Series in High-Tem-
perature Chemistry and Physics," Ed. N. A.
Mukherjee, Pergamon Press, Inc. (in prepara-
tion).

Gerard M. Wolten

MASK COLLIMATOR DIFFRACTION ARRANGEMENT. See

Dislocation Movement and Alignment.

r£MF£/^Ara/?£
Fig. 6. Lattice parameters \

phase changes of higher order.
temperature for

to estabhsh the configuration in the vicinity of

the transformation point with precision.
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MATRIX (INTERELEMENT) EFFECT IN SPECTROMETRY:
MASSIVE SPECIMENS; MIXABLE SPECIMENS; THICK

SPECIMENS; THIN FILMS*

The terms "interelement" or "matrix" effect are
misleading in that they suggest a minor perturba-
tion in an otherwise simple or linear correlation
between the intensity of the characteristic X-radi-
ation from an element and its concentration in the
specimen. Most of the present analytical methods
are based on the bracket principle, i.e., the radia-
tion from a specimen is bracketed between the
radiation from two specimens of known composi-
tion and adjusted by an approximately linear in-

terpolation process, with an arithmetical adjust-
ment for differences in the matrix. This procedure,
though effective in many instances, is completely
empirical and of no theoretical interest whatever.
It does not lead to any understanding of the
fluorescent process. Hence, many effects or results
have been reported as unusual or anomalous but
which may be deduced from the functions in-

volved.

We will now consider the (reflection) fluorescent
process; as an illustration we will consider the
specimen an alloy of Cr-Fe-Ni. The following are
the assumptions and definitions. (The assumptions
are not materially important; their only purpose
is to simplify the mathematics. An extension of

the examination using weaker assumptions is a
simple matter.)

Specimen: Homogeneous and "infinitely" thick

Cr Fe Ni

absorption edge 2.07 1.74 1.49 (A)
K« 2.29 1.94 1.66 (A)
symbol Zi Z2 Z3
concentration Ci C2 C3 (Ci + C2

C3 = 1.)

+

fluorescencel

efl^ciency
j

Wi Wo W3

Let nij represent the mass absorption coefficient

of element i for the Ka beam of element j; e.g.,

JU21 is the mass absorption coefficient of Fe for the

* See also Interelement Effects (Betty J. Mitch-
ell).
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Cr-K. j = refers to the incident beam. The sym-

bol jLt.3 refers to the mass absorption coefficient of

the specimen as a whole for the beam j; for exam-

ple, M.3 = CiMi3 + C2M23 + C-.ms i.e., the mass ab-

sorption coefficient of the specimen for Ni-Ka.

Incident beam. Constant intensity ( = 1), mono-

chromatic and of a wavelength sufficiently small

to excite the K spectra of all elements. It is a

narrow beam and meets the surface of the speci-

men at the angle d' , measured from the normal. All

radiation involved is assumed to follow the cosine

law.

Fluorescent beam. The K spectrum of an element

is considered as one line, Ka. The window of the

detector subtends a S7nall solid angle at the speci-

men and the detector picks up the beam at an angle

0" measured from the normal to the surface of the

specimen. For simplicity m/cos 0' and m /cos d" will

be written as/x' and/x", respectively.

Intensity of radiation will be computed as if

measured at the surface of the specimen. (Note:

the factor 1 - (l/r,), where Vi is the K jump for

element i will be omitted in the formulas.)

We define n = Widfuj as the emission coeffi-

cient corresponding to the mass absorption coeffi-

cient fJLij .

We now consider the fluorescent process for the

emergent lines, i.e., Ni-Ka, Fe-Ka, and Cr-Ka.

Ni-Ka (the fluorescent beam from the element of

highest atomic number). The incident beam pene-

trates to a depth I., is absorbed by an elementary

slab of thickness dl and emerges to the surface,

with attenuation on the way in and out. Both

beams are narrow and the intensity is

h , r
T30 / dl e-('^'

<'+'''.V (1)

Fe-Ka One component of the radiation is ex-

cited by the incident beam. Another component is

excited by the Ni-Ka within the specimen. Since

this component is emitted symmetrically over all

space angles, the attenuation must be considered

as that of a broad beam, and the element of in-

tensity is Eiipl) where Ei{t) is defined as the in-

tegro-exponential function of first order,

Eiit)
1:

dx

To compute the second component we consider

Table 1. Fe-K.

Mixture ZnO-NiO-FeoOs
Incident beam 1.2A

Composition (C1C2C3) 1:1:2 1:2:1 2:1:1

Primary component 0.187 0.197 0.413

2nd order Ni 0.056 0.122 0.094

2nd order Zn 0.097 0.041 0.091

3rd order 0.033 0.027 0.022

"Interelement Effect" 0.186 0.190 0.207

Total 0.373 0.387 0.620

Measured 0.362 0.374 0.629

the emission from an elementary slab at a dis-

tance, k, below the surface, of thickness dk. The
nickel beam, within the specimen has traversed a

distance \ I — k
\
since the elementary slab re-

ceives exciting radiation from all angles. The re-

sulting formula is

^ n

dl e-^"-"^''. 2'

+ T307- dl

' ''0

^A- e-CM-'ozV/./-) Ei{ix.z\l - k\)

Cr-Ka There are now 4 components, namely (1)

from the incident beam, (2) from the Ni-Ka ex-

cited from the incident beam (3) from the Fe-Ka
excited by the incident beam, and (4) from the

Fe-Ka excited by the Ni-Ka. The resulting formula

is

''0

+ r.3ori

g-(M.O+M. ,)i dl

, f dlf dke-^^'o^^'^'\'^E,{^.,\l- k\)

r',,Tn f dl [ dk c-(m-'-^m:\a:) e,{„.2 \l-k |)

+
pX> pM ^00

T;or2.n2 dl dk rU .-(M-.o^+M- , /)dj e-^^-'>^+'

*' "0

E,(ui.,\l - k\)-E,{fi.,\k - j\)

The reduction of the integrals becomes quite

lengthy and requires the introduction of higher

transcendental functions for the 3 and higher in-

tegrals.

It is now apparent why the term "matrix ef-

fect" was introduced, since the intensity of the

fluorescent beam from an element depends not

merely on the concentration of that element but

on the absorption properties of the specimen as a

whole, i.e., on its composition and atomic numbers

of its constituent elements and on the wavelength

of the incident beam. The magnitudes of the vari-

ous contributions to the intensity of the radiation

from the elements of relatively lower atomic num-

bers may be quite significant. As examples the in-

tensities for the following 3-component mixtures

were computed and measured. (In each instance,

this intensity is given as a fraction of the intensity

from the single component.)

Comment

a. Although a study of the fluorescence integrals

sheds a great light on the understanding of the

process, the integrals are of little or no practical

value for analytical purposes. There are many
reasons for this: (1) the parameters involved n

and W are not known to a desirable degree of ac-

curacy, let alone precision; (2) the computation,

for effects higher than the second order, are
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Table 2. Alloy 310, Cr-Fe-Ni.

Intensity Ratios

Ele Concen-
tration

Component or Processment
Com-
puted

Ob-
served

Ni
Fe

0.205

.550

Primary
Primary
Second-Order

.088

.334

.043

.095

Total .377 .384

Cr .245 Primary
Second-order Ni
Second order Fe
Third Order

.196

.021

.123

.021

Total .361 .365

K,{t)
I C i

In ^-iJ + E,{G,t)

H,
U{t) = In — + E,{H,t)

G,
Ko{t) = In '—^ + EiiG.t)

M-3

Ho

M = 6-"-°^ + e"

Lo{t) = In — + Ei(mt)

.V = Ei(u.,t)

^-^°<^ V^iO

lengthy; (3) the incident spectrum is polychro-
matic and the correlation of intensity vs. wave-
length of the output of an X-ray tube is not known
and (4) the relations are for intensity as the de-

pendent and concentration as the independent
variables. For analytical purposes it is necessary
to invert the order, i.e., to determine the inverse

image of the map of the intensity space into the
concentration space.

b. However, if the third-order effect is relatively

small and may be neglected, the formulas for the
first and second orders, namely

~r Tz .oT'2Z

h =
M-o + M-

Mo + j"-2 M + M-2 [jU-o \M-3 /

Ll-2 \M-3 /]
+

are not too involved for the preparation of pre-
determined analytical curves. That is, knowing
that a class of specimens are to be analyzed, one
can quite easily prepare curves to suit the ranges
of composition expected and invert the order of

dependent and independent variables graphically,
c. A close study will show that the second- and

third-order effects decrease rapidly with dilution
of the specimen with inert material and by increas-
ing the differences in atomic numbers between the
elements involved.

Thin Specimens. If the specimen is thin, of

thickness t, in g/cm^ the interval of integration
becomes (o,0 and the formula for the intensity of

the radiation from Z2 in a mixture Z2Z3 may be
written as follows:

^1 = M.o + /X-2

Gi = 1X.3 — /i.o H] = H.3 + n['o

G2 = IJ..3 — iLl.2 H2 = H.3 + /x'2

'— (e-^i'A-i + Li
Jl-o

MN)

{e~P^'Ki + L, MN)
M- 2

Experimental Demonstration of the 2nd
Order Effect. The preceding formulas and inter-

pretation of experimental values, may fail to carry

conviction as to the reality of the second-order en-

hancement or "active" effect. The following ex-

periment presents data that should carry immedi-
ate conviction.

A piece of Al foil (64 mg/cm^ thick) and a piece

of Ni foil (7.56 mg/cm^ thick) were placed in turn

into the path of the incident beam before it struck

a specimen of element Zi . The exit fluorescent

beam was not affected. The transmission of the in-

cident polychromatic beam by both foils for vari-

ous wavelengths was computed and the results

presented in Table 3.

Hence to a close approximation, the incident

beam will be equally attenuated by both foils.

However, the beam transmitted b}'' the films will

be different. The nickel filter will act as a rich

Table 3. Transmission for Al and Ni Foils.

0.4 0.6 0.8 LO 1.2 1.4

Al .93 .81

Ni .93 .79

.02 .41

.60 .40

.22 .09

.23 .10

Table 4. Relative
Through Al

Fluorescent Intensities
AND Ni Filters.

Element Al filter Ni filter
Intensity due
to Ni radiation

Ti 0.13 0.42 0.29

Cr 0.16 0.42 0.26

Fe 0.18 0.40 0.22

Ni 0.29 0.29

Cu 0.38 0.38

Zn 0.42 0.42
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source of Ni-Ka radiation with a corresponding

difference in the exciting power of the beams when
acting on elements of atomic number less than 26.

The following fluorescent intensity relations

were obtained from different specimens of re-

flectors. The numbers are relative to the fluores-

cent intensities obtained from the use of the un-

obstructed incident polychromatic beam.
Another experiment demonstrated the reality of

the active enhancement effect with a perhaps star-

tling result.

The incident beam, 50 kv at 30 ma, was filtered

through copper 0.357 g/cm thick. The transmitted

measurements of the Ni-Ka from layers of Xi

(7.56 mg/cm2 thick) on different supporting sub-

strates yielded the following results. (x\ll inten-

sities are referred to radiation from massive Ni

under the same condition.)

Intensity of Ni-K

Number
of

layers
of Ni Fe
foil

Substrate

Zn Zr Mo Ag Sn

1 0.59 0.76 1.05 1.14 1.15 1.10

2 0.84 0.91 1.21 1.30 1.37 1.33

3 0.94 0.95 1.16 1.25 1.37 1.34

4 0.98 0.98 1.09 1.18 1.29 1.32

5 1.07 1.10 1.29 1.23

The conclusion from these results is immediate.

By a suitable adjustment of the hardness of the

incident beam, thickness of a foil, and difference of

atomic numbers between the element of the foil

and the substrate it is possible to obtain about 40

per cent more fluorescent intensity from a thin foil

than from a massive, "infinitely thick" specimen,

specimen of the same element as the foil. This is

clearly due to the incident beam penetrating the

foil, exciting radiation from the substrate or sup-

porting element which in reflection excites more
radiation from the foil. For this effect to be demon-
strated, it is necessary that the reflector be strati-

fied, not a homogeneous mixture.These results, it

may be said, may also be anticipated by develop-

ment of the formulas for the fluorescent integrals.

Analyses of stratified material should therefore be

carefully considered, since the correlation of in-

tensity and composition may be multiple valued.

Thickness Gauging. The fluorescent integrals

may also be used to derive thickness estimates in

terms of a reference unit film.

Consider a fluorescent scatterer of thickness I

(thin) (for example, a paint or plastic film con-

taining ZnO). The intensity of the fluorescent

beam, omitting instrumental parameters, trans-

formation efficiencies, angular effects, etc. is

Rl = / /Xu g-(Mt+M_^)3 (}s

(1)

A^io

M-t + M-

(l_e-(''-.+''-/)0

(where fj.., and n.f are the absorption coefficients

of the material as a whole for the incident and
fluorescent beams, respectively) . For a thick speci-

men I = cc and

R.
P-io

and, letting

R^
K = In

And thus for a film of n unit thickness

H^y

(2)

(3)

(4)

If now one were to use time for fixed count as a

measure of intensity t = (p/R) where p is the fixed

count), it is simple algebra to obtain

(-;)-: (5)

(6)

Formula (6) can then be used to determine rela-

tive thickness.

Experimental values (using a paint film contain-

ing ZnO) are given in the following table.

Number of Films Computed from (6)

2.001

2.953

4.015

5.017

Mixable Specimens. An interesting particular

case is the analysis of a mixable specimen, for ex-

ample an ore, flux, slag, etc. Usually one element Z

is the important one. It may be assumed that the

secondary radiation effects are negligible, although

there may be one particularly strong absorber for

the radiation of the element in question. For ex-

ample, the presence of Cr in the analysis for Fe,

or Ni in the analysis for Zn, etc. An indifferent re-

gard to the changes in concentration of the heavy

absorber may lead to misleading results, as may
be seen from the following considerations. (We

disregard fluorescence efficiencies, and assume ab-

sorption coefficients corrected for obliquity.)

Let Ci , C2 , Cs be the concentrations of say, Zn,

Ni and the residue respectively.

(Cx + C2 + Cz= 1).

Let n be the absorption coefficient for Zn for the
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incident beam and Mi , M2 , Mz be the total ab-

sorption coefficients (sum of absorption coefficients

for the incident beam plus the absorption coeffi-

cient for the Zn Ka) for Zn, Ni and the residue

respectively. Then

It is then a simple deduction to obtain the fol-

lowing relation

/(Zn Ka) = CiM

CiMi -f C2M2 + (1 - Ci - 02)M3

^ Cm
M3 + Ci(Mi - M3) + C2(M2 - Ms)

Let C2 = fiCi) where /is a known function. If /is

not known the situation is impossible to analyze.

Then

J.
_ Cijj,

" Ms + Ci(Mi - Ms) + /((7i) (M2 - Ms)

Then

dCi
K^M^,. + [Ci(Mi - Ms) +/(Ci) (Ml - Ma)]

- (mCi(Mi - Ms) +f (Ci)(M2 - Ms))}

w^here K^ is a positive number.
The important thing to observe is that the nu-

merator contains a difference of two quantities.

Hence, even if / is known, the slope of the ana-

lytical curve may be positive, zero or even nega-

tive. This means that the intensity of the zinc radi-

ation may be of no value whatever in estimating

the concentration of zinc. Indeed, the numerator
may well have relative maximum or minimum
point or points in which case the analytical curve
will be multiple valued, considering Ci as a func-

tion of/ (Zn K«).
Fortunately there is a solution to this problem.

We mix the specimen with an inert material, i.e.,

one which will not induce secondary emission for

the element in question. The nature of this mate-
rial is a matter of indifference, as is also the treat-

ment of the mixture, for example, making a fusion

or leaving it a well-mixed powder.
Consider a specimen So composed of a Z com-

ponent (concentration Co , which is known). Let

n be the absorption coefficient of Z for the incident

beam, M be the total absorption coefficient for Z,

i.e., the sum of the absorption coefficients of Z for

the incident and fluorescent beams of Z; let M^
be the total absorption coefficient of the matrix.

We now prepare a specimen *Si containing di parts

of So and 1 — di parts of an arbitrary diluent which
does not contain Z. We now use the specimen ^2

containing C2 parts of Z (Co to be determined) and
mix it with ds parts of the same diluent used above.
Hence we have 4 specimens : So , the reference ma-
terial containing Co parts of Z; *Si the diluted ref-

erence material; ^2 a material containing C-z

parts of Z (C2 is not known) and *Ss the diluted

*S2 . We then measure the 4 specimens for the

fluorescent intensities of Z (using time for a fixed

count). Let Ti (i = 0,1,2,3) represent the respec-

tive measurements.

(*) C2 = Co
di 1 - ds Ti

di

It is to be noted that references to the matrices of

So , S2 and the diluent are explicitly absent.

If in the dilution process d\ = dz is small so that

the attenuation of the intensity is great and hence

To« Tx and T2« T, then

C_2

Co

That is, on excessive attenuation (the mixing ratio

is immaterial, so long as the attenuation is suita-

ble), the concentrations of Z in the 2 specimens are

approximately proportional to the emitted intensi-

ties. One may consider small concentrations of Z
as being inherently diluted to a great extent, hence
the linear proportionality between trace amounts
and emitted intensities. Also the above equations

are the justification for the internal standard
method (addition of small known amounts of a

reference element) for trace analysis.

The effectiveness of the formulas is shown by the

results of the following experiment.

(composition)

ZnO Fe203 Ti02 AI2O3

III 0.20 0.40 0.40

IV 0.20 0.20 0.60

Diluent is TiOs ; di = dz = 1/2

Reciprocal Intensities (Time for 10^ counts)

Fe203 III IV

S 106.6

Si . 250.2

108.3

396.6

Although the concentrations of FeoOs in mixes

III and IV are in the ratio of 2:1, the fluorescent

intensities are almost identical. Dilution, however,

(Si) brings out the differences in a truly remark-

able manner.

Reference

1. Sherman, J., Spectrochimica Acta 7, 283 (1955)

;

ibid., 466 (1959); Proc. 6th Annual X-ray
Conference, 231 (1957); (Denver Research
Inst., University of Denver, Col.).

Jacob SHER^L\N
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MEASUREMENTS OF RADIATION. See Units and Measure-

ments of Radiation.

MEDICAL PROBLEMS: APPLICATION OF X-RAY DIFFRAC-

TION ANALYSIS

To be able to determine the nature of various

types of crystalline materials, which are found in

the human body associated with disease condi-

tions, often will contribute to accurate diagnosis

and possibly be a guide to the therapy and the

prevention of these diseases. Such crystals may be

endogenous or exogenous ranging from various

metabolic crystals to the almost unlimited number
of foreign substances which may gain entrance into

the body. In some cases these concretions are large

enough to be removed for subsequent analysis

from body organs or cavities by the surgeon. In

other cases the nature of the minute concretions

observed through the microscope can only be

speculated upon, using the experience of the

pathologist as a guide. Even a relatively large

kidney stone may consist of multiple layers of

material of different composition, thus providing

only a limited amount of material for analysis.

In order to identify such concretions one must

use a method where the availability of very small

amounts of specimen is not a serious handicap.

X-ray diffraction powder anabasis as an analyti-

cal tool is well-established in the fields of miner-

alogy, metallurgy and inorganic chemistry. With
this technique it is possible to subject very small

amounts of crystalline materials to X-ray radia-

tion and obtain diffraction patterns which are

uniquely representative of the specimen being ir-

radiated.

Several properties of the X-ray diffraction analy-

sis make it well-suited for use in identifying vari-

ous crystalline concretions which are observed in

the human body. Under favorable conditions speci-

mens consisting of powder weighing as little as one

milligram can be definitely identified. The method
is nondestructive making possible subsequent tests

upon the same specimen. An identification of the

specific molecule is available rather than simply

a determination of the various elements present.

Routine chemical methods vary in complexity

and often require a series of operations which are

very time consuming even if the much larger

amount of specimen necessary is available, whereas

the diffraction procedure usually requires less time.

This method of X-ray analysis may prove to be

the only possible way to obtain positive identifica-

tion of the minute specimen.

A complete description of the theory and appli-

cation of X-ray diffraction powder analysis can

be found in the literature.^' ^ At the Edsel B. Ford
Institute for Medical Research the equipment

used consists of a standard X-ray diffraction gen-

erator fitted with a copper target X-ray tube for

the radiation source, a 114.59 mm diameter pow-
der camera and film reader. The radiation is

nickel-filtered in order to improve its monochro-

matic characteristics. Using the method of speci-

men mounting described below, the exposure usu-

ally is for two hours at a potential of 35 kv and a

current of 20 ma. The patterns recorded upon the

resulting films are measured and converted to sets

of interplanar spacings or ''d" values. One of two

procedures is necessary to reach an analysis from

the later tubular data: (1) making use of the

X-ray Powder Data File,'' or (2) comparing the

unknown diffraction pattern wath patterns pro-

duced from suspected standard materials. Identifi-

cation may not be possible if the unknown pattern

is too weak, with few lines appearing, or if a pat-

tern contains overlapping sets of lines from several

crystalline materials present in the specimen. The

lower limit of sensitivity to fractional components

in a mixture is about 5 per cent by weight.

Several methods for mounting sample material

in the X-ray diffraction camera have been used in

applying the latter technique. The pow^der may
be wet with collodion and picked up on glass or

plastic fibers. Some diffractionists mix the speci-

men with a binder and extrude the semiplastic

mixture through a small orifice. The method which

has proved most successful in our laboratory is to

use special thin-walled glass capillary tubes.* The

latter tubes are produced in Germany from lithium

borate (Lindemann) glass having a very low

X-ray al)Sorption coefficient. They have a wall

thickness of 0.001 mm and an inside diameter of

0.2 mm. Having one end flared into a small funnel

facilitates their being filled with sample material.

It is convenient to have a supply of the capil-

lary tubes specially prepared by being mounted

through H inch stainless steel cylindrical rods cut

to Ys inch in length. The tubes are inserted

through an axial hole (No. 65 drill) and shortened

to the proper length for the powder camera, using

a gas microjet flame. A drop of cement serves to

fasten each capillary to its rod support. The speci-

men for analysis, either powder or tissue, may then

be quickly inserted into the funnel ends of the

tubes as later discussed.

In preparing larger concretions such as kidney

stones for diffraction anabasis the specimen is frac-

tured and then separated into portions which have

different physical appearances and textures. Kid-

ney stones frequently have nuclei and crusts of

differing composition and at times are composed

of concentric layers of different or alternating con-

stitution. In such cases small portions are plucked

from each distinctive area. Each specimen must

be ground to about 200 mesh size and then inserted

into the glass capillary mount described above.

Where plenty of crystalline material is available,

a hard mortar and pestle may be used for the

grinding process. When only a few grains of mate-

rial is at hand a convenient way to pulverize the

latter is to place it in the depression of a hanging

drop microscope shde. The use of a large glass

pestle which fits the concavity in the sHde will

allow the pulverizing of very small amounts of

* Available from Caine Scientific Sales Com-
pany, 4120 W. Lawrence Avenue, Chicago 30, 111.
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powder without loss from scattering of the hmited

amount of specimen.

While filling each capillary mount a convenient

procedure is to use a surgical hemostat to grasp

and clamp firmly the pin support. The long jaws

and spring steel of the average-sized hemostat will

permit one to lock the latter instrument at about

right angles, upon the Vk inch pin. The hemostat-

pin-capillary unit can then be hung over the edge

of a cylindrical evaporating dish for easy filling.

The powder is jarred down into the tip of the

capillary mount by tapping the hemostat upon
the edge of the dish. If only a few grains of powder
are available, the latter, after introduction into

the capillary, can be held in place at the tip by
completing the filling using an amorphous finely

ground material such as powdered acacia. To com-
plete the specimen mount now only requires the

flicking off of the funnel end and the sealing of

the fracture with a drop of adhesive to prevent the

loss of the powder.
After using the capillary tube mounts described

above for powdered samples it was found that the

same mounts also could be used to analyze minute
microscopic crystals lodged in the body tissues.

Pathologists had frequently observed these tiny

cr3^stals during routine microscopical examinations
of tissue sections. The simple use of polaroid discs

with a standard microscope or a polarizing micro-

scope is applied to verify the birefringence of the

latter crystals thus making them dramatically

stand out against the dark background due to the

amorphous tissue. X-ray diffraction patterns usu-

ally can be obtained whenever the density dis-

tribution of the crystals in the tissue reaches a

point where about a dozen crystals are observed

in a 400X field of view. In mounting such crystals

for analysis, a thin needle-like sliver of tissue is

cut from the crystal bearing region and inserted

into the funnel end of the glass capillary. A small

wire fitting the inside diameter of the capillary is

used as a probe to push this tissue material into

specimen position at end of the capillary.

Examples of X-ray Diffraction Analyses. Prien

and Frondel described the use of powder diffrac-

tion for the analysis of urinary calculi in 1947.*

Over a period of about ten years 723 urinary cal-

culi were analyzed in this laboratory by this

method. These included kidney stones, urinary

bladder stones, and any other concretions which

became lodged along the urinary tract. Table 1

lists the different compounds which were found,

including the number of each type of stone and

the percentages of the total. Zinc phosphate, a

substance normally foreign to the urinarj; system,

was found as strata in two separate kidney stones

in which the other components were common con-

stituents.^ Gallstones have been analyzed in a

similar manner but in 95 per cent of the cases a

pure cholesterol pattern is obtained due to the

high percentage occurrence of cholesterol in these

calcuh and the fact that minor crystalline com-

Table 1. Substances Found in 723 Urinary Calculi Analysed by X-ray Diffraction at Edsel B
Ford Institute for Medical Research from January 1949 Through November 1961.

Pure calcium oxalate (CaC204)
Calcium oxalate monohydrate
Calcium oxalate dihydrate
Calcium oxalate mixed

Calcium oxalate plus apatite

Calcium oxalate monohydrate plus apatite

Calcium oxalate dihydrate plus apatite

Calcium oxalate mixed plus apatite

Apatite (pure)

MgNH4P04-6H20 (pure)

MgNH4P04 -61120 plus apatite

MgNH4P04 -61120 plus calcium oxalate (mixed)

Uric acid (C5H4N4O3)
Uric acid (pure)

Uric acid monohydrate (C6H4N403-H20)
Uric acid plus uric acid monohydrate

Uric acid plus calcium oxalate mixed
Calcium dibasic phosphate

CaHP04-2H20 (pure)

CaHP04-2H20 (mixed)

Calcium tribasic phosphate

Ca3(P04)2 (mixed)

Cystine —SCH2CH(NH2)—COOH
Zinc phosphate

Zn3(P04)2-4H20 (mixed)

170

106

116 392 = 54.2%

32

21

18 71 = 9.8%
70 70 = 9.7%
61 61 = 8.4%
10 10 = 1.4%
6 6 = 0.8%

50

10

23 83 = 11.5%
11 11 = 1.5%

2

6 8 = 1.1%

4 4 = 0.6%
5 5 = 0.7%

2 2 = 0.3%

723 = 100%
Sodium acid urate

(minor constituent was found in mixed uric acid calculus)
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ponents usually occur in amounts below the region

of X-ray diffraction sensitivity.

Included among other small concretions which

could be powdered and studied by diffraction in a

similar manner were the following: (1) calcium

carbonate crystals from the pancreas gland found

to be in the crystalline form of calcite; (2) dust-

like crystalhne material from the ear called ota-

conia which are composed of calcium carbonate

in the form of either calcite or argonite depending

upon the type of vertebrate; (3) a deposit of so-

dium acid urate found about the bone joints in

gout; (4) toxic particle of metalhc copper removed

from the human eye and which was causing the eye

to be destroyed; (5) barium sulfate aspirated

from lungs of a man who had worked in a foundry.

A description of the analysis of pathological

crystals in small specimens of tissue mounted as

described above is given in a paper by Parsons

and Eurs.® These types of analyses include: (1)

sihcon dioxide and aluminum silicate as silica and

kaolin from lung tissue; (2) thorium dioxide

(thorotrast) in tissue from liver and spleen; (3)

mercuric sulphide (cinnabar) in tissue from a tu-

mor formed over a skin tattoo; (4) crystals of the

complex calcium phosphate called apatite from

calcified heart tissue; (5) cystine crystals in tissue

of a lymph node from a case of suspected cystino-

sis; (6) cholesterol centrifuged from brain fluid.

The most abundant sohd structures of the body

are the bones and teeth. The basic crystalline

framework of the latter materials are complex cal-

cium phosphate compounds known as apatites,

corresponding generally in crystal structure to the

mineral apatites. There are several different types

of apatites found in the body, i.e., hydroxyapatite,

carbonate apatite and fiuorapatite. Unfortunately,

it is usually not possible to distinguish between

these different types of apatites by X-ray diffrac-

tion, principally because of the diffuseness of the

patterns caused by the minuteness of the crystal-

line apatite material which is formed in the body.

References

1. Klug, H. P., and Alexander, L. E., "X-ray Dif-

fraction Procedures for Polycrj^stalline and
Amorphous Materials," New York, John
Wiley & Sons, Inc., 1954.

2. Azaroff, L. V., and Buerger, M. J., 'The Powder
Method in X-rav Crvstallography," New
York, McGraw-Hill Co., Inc., 1958.

3. American Society for Testing Materials, X-ray
Powder Data File, Philadelphia, 1962.

4. Prien, E. L., and Frondel, C., "Studies in Uro-
lithiasis I; The Composition of Urinary Cal-

culi," J. f/roL 57, 949 (1947)

5. Parsons, J., "Zinc Phosphate Identified as a

Constituent of Urinarv Calculi," Science 118,
217(1953)

6. Parsons, J., and Eurs, F. J., "X-ray Analysis

of Crystals in Pathology," Am. J. Clin. Path.
32,405 (1959)

Jonathan Parsons

MEDICINE. See Tracer Techniques with Radioisotopes.

MESOMORPHIC STRUCTURES. See Asphaltenes; Para-

crystals.

METALLURGICAL APPLICATIONS OF ELECTRON PROBE

MICROANALYZER. See Probe (Electron) Scanning and

Point Microanalyzer.

METALLURGY,* X-RAY

The discovery of X-ray diffraction in 1912 cannot

be said to have caused the birth of the science of

metals—that event took place some thirty years

earlier—but it did give the new infant a healthy

push in the right direction. The crystal structures

of all the common metals were soon worked out,

and metallurgists for the first time had some idea

of the atomic architecture of the materials they

were studying.

Even more valuable to the metallurgist was the

invention of the powder method in 1916. It enabled

diffraction experiments to be carried out on loose

powders, e.g., metal fihngs, or directly on poly-

crystalline aggregates such as wire or sheet. The

powder method was thus doubly welcome, because

(1) many metals and alloys are extremely difficult

to obtain in single-crj^stal form, and (2) there i3

much interest in the relative perfection and orien-

tation of metal crystals as they exist in polycrys-

talline aggregates.

During the nineteen twenties, X-ray diffraction

gradually established itself as a basic tool in metal-

lurgical research. It settled once and for all many
old arguments about the allotropy of iron; it was

of immense help in the study of alloy systems; it

established the nature of metalHc sohd solutions,

and even disclosed a few odd ones, namely those in

which the atomic arrangement is ordered rather

than random. X-ray diffraction made important

contributions to our knowledge of phase transfor-

mations by reveahng the crj-stallographic relation-

ships between parent phase and decomposition

products, and it clarified the nature of age harden-

ing by showing what took place in the quenched

sohd solution before the precipitate became visible

under the microscope. The nature of cold-worked

metal, and of the changes (recovery and recrystal-

lization) which take place in it when heated, is now

much clearer as a result of diffraction experiments,

although the complete solution of these problems

still seems a long way off.

A full discussion of these developments in physi-

cal metallurgy would require too much space. In-

stead, we might briefly consider two particular sub-

jects: preferred orientation in metal products, and

the metallurgical appHcations of the diffractometer.

The individual crystals (or "grains") in any ag-

gregate, such as a piece of copper wire, may be

oriented perfectly at random with respect to any

chosen set of reference axes, or they may all have

nearly the same orientation. The former condition

* From Norelco Reporter, Vol. IV, No. 4, by per-

mission.
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is extremely rare, the latter quite common. Inas-

much as all single crystals are anisotropic, pre-

ferred orientation will cause anisotropy in the

macroscopic properties of an aggregate. Therein

Hes the meallurgist's interest in preferred orienta-

tion, and much work has been done in measuring

preferred orientation and correlating it with ob-

served anisotropy, particularly in rolled sheet.

Ettisch, Polanyi, and Weissenberg in 19*^1 seem

to have been the first to use X-ray diffraction to

study preferred orientation, or texture as it is often

called. They found that metal wires had a texture

similar to that of natural fibers, i.e. the crystals

were so oriented that the same crystallographic

direction in each was parallel, or nearly parallel,

to the wire axis. Following these early workers,

many other investigators measured preferred ori-

entation in a variety of materials in the form of

both wire and sheet. In sheet, the preferred orien-

tation was found to be such that a particular crys-

tal plane was approximately parallel to the sheet

surface and a particular direction in that plane

parallel to the direction in which the sheet had

been rolled. The indices of the plane and direction

may then be used to describe the texture, although

such a description gives no information about the

amount of scatter that may exist about this so-

called "ideal orientation." Wever, in 1924, intro-

duced a better method of describing textures: the

pole figure. This is a stereographic projection of a

set of selected crystallographic poles made on a

plane parallel to the sheet surface. It is divided

into areas of different pole density (high, medium,
and low, for example), and shows at a glance the

degree of scatter from any selected ideal orienta-

tion.

Up until 1948 preferred orientation was deter-

mined photographically. The diffraction pattern

was obtained in a transmission pinhole camera,

and the texture was determined from observations

of the variation of intensity around the circumfer-

ence of the appropriate Debye ring on the film.

Pole density was inferred from visual estimates of

the amount of film blackening. The resulting pole

figure, while correct as to the gross features of the

texture, could not be considered very accurate in

detail. But in 1948 the newly developed diffrac-

tometer, in which a Geiger counter replaced pho-

tographic film, was applied to texture determina-

tion by Decker, Asp, and Harker. Their method,
and others developed soon thereafter by other

workers, made possible the first truly quantitative

pole figures of sheet specimens.

Diffractometer methods for determining the tex-

ture of wire and rod have also been developed. In

this field there is considerable interest in the ''in-

verse pole figure" as a means of describing the tex-

ture. Instead of plotting the density of a particular

set of hkl poles on a projection, as is done in the

usual pole figure of sheet, the frequency of occur-

rence of the axis of the wire or rod, i.e. the axis

density, is plotted on a standard projection of the

crystal. This method has the advantage of present-

ing a large amount of information in a very com-
pact form.

There are two kinds of interest in preferred ori-

entation, one theoretical, the other practical. On
the theoretical side, one would like to be able to

predict, on the basis of our knowledge of how a

single crystal deforms, the texture which will be

produced in a particular metal by a particular kind

of deformation. No satisfactory solution has been
found. The nature of the problem can be appre-

ciated from the fact that two metals with the same
crystal structure and the same slip systems can

have different deformation textures. Another prob-

lem arises when we consider the texture formed
when a cold-worked metal is recrystallized. This

new texture is often quite different from that of

the deformed metal. Two opposing theories have
been advanced to account for recrystallization tex-

tures: (1) only grains of a particular orientation

are nucleated (oriented nucleation), and (2) grains

of all orientations are nucleated but only those

having a particular orientation, relative to the tex-

ture of the deformed matrix, are able to grow
(oriented growth). The evidence favors the latter

view.

Practical interest in preferred orientation stems,

of course, from the anisotropy it produces in sheet

materials. Sometimes it is undesirable, as in sheet

which is to be deep drawn into cups, and then there

is strenuous effort by everyone concerned to get

rid of preferred orientation. In this case, there are

"ears" (high spots on the rim) if the sheet has a

pronounced texture, and the location and extent

of ear formation has been nicely correlated with

the texture.

Occasionally, preferred orientation is desirable.

Thus, it is known that iron crystals are more easily

magnetized, and demagnetized, in the [100] direc-

tion than in any other; it therefore behooves the

producer of sheet steel for transformer cores, which
must undergo rapid cycles of magnetization and
demagnetization, to make sheet in which the [100]

directions in all the grains are parallel. Silicon

steel sheet is routinely produced to this specifica-

tion by careful control of rolling and annealing

variables. Called "grain-oriented" sheet, it has a

final recrystallization texture in which the [100]

directions are parallel to the rolling direction.

This kind of tailoring of a product to its in-

tended use, by the deliberate production of a de-

sirable texture, is unfortunately rare. When we
move from the field of magnetic to mechanical
properties, we find a general tendency to regard

preferred orientation as a defect in the material,

even though there are certain applications in which

a high degree of preferred orientation would be

beneficial. The problem with regard to such apph-
cations is twofold: (1) to specify the most desira-

ble texture, from our knowledge of single crystal

behavior, and (2) to find a way of producing this

texture by the proper control of processing varia-

bles. The latter part of the problem is the more
difficult one, but improvement of metallurgical

products can be safely predicted as a result of fu-

ture work in this direction.

Preferred orientation is by no means the only

field in which the diffractometer has increased pre-
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cision and stimulated research. Two others of

metallurgical importance are the determination of

retained austenite in steel and the measurement of

residual stress. Retained austenite in quenched

steel is an undesirable phase, and there is consider-

able interest in methods of measuring its concen-

tration. Of the two methods available, microscopic

examination and X-ray diffraction, the latter is

favored because of its greater accuracy in the low-

austenite region. Developed by Averbach and

Cohen in 1948, it involves a comparison of the in-

tegrated intensity of an austenite line with that of

a martensite line.

Among the various techniques used for measur-

ing residual stress in metal parts, the X-ray dif-

fraction method, being nondestructive, is often pre-

ferred over methods involving dissection of the

part and relaxation of the stress. The X-ray method
depends, essentially, on the measurement of a very

small shift in the position of a diffraction line, re-

sulting from a change in the angle at which the in-

cident beam strikes the metal surface. This line

shift can be measured with acceptable precision by
photographic methods if the line itself is reason-

ably sharp. But the diffraction lines from hardened

steel are so broad and diffuse that their positions

on a film are difficult to measure accurately. This

has prevented the use of the X-ra3^ method for

measuring stresses in hardened steel, certainh' an

important material. But in 1953 this difficulty was
overcome by Christenson and Rowland ; from care-

ful measurements of the line profile with a diffrac-

tometer, they were able to locate the centers of

broad diffraction lines with sufficient accuracy for

the evaluation of stresses.

It is interesting to note that the various (luanti-

tative X-ray methods mentioned in this article,

and developed with the aid of the diffractometer,

could just as well have been perfected in the era

of film and microphotometers. But the diffractome-

ter substitutes direct electrical measurement of in-

tensity for the tedious, two-step procedure of (a)

recording the pattern on film, and (b) measuring
film blackening with a microphotometer. It thus

spurred the development of these new methods be-

cause the diffractometer, although not offering any-

thing intrinsically new in diffraction, does offer con-

venience, and convenience has consequences. It is

not the first time that the development of a new
instrument has widened old avenues of research

and opened up new ones.

Yet the diffractometer does have one basic disad-

vantage. Its measuring counter moves only in one
plane, and even then it "sees" only what the oper-

ator points it at. This means that a large fraction

of the total radiation diffracted or diffusely scat-

tered by the specimen can go unnoticed. For this

reason it is always wise to make an exploratory

survey of the diffraction pattern with cameras,

particularly transmission and back-reflection pin-

hole cameras, reserving the diffractometer for a

more careful study of particular aspects of the pat-

tern. In this way, unusual diffraction effects, sig-

nificant of unusual structural features of the speci-

men, will not be overlooked.

Future trends in metallurgical research will al-

most certainly include greater attention to the

study of such crystal imperfections as dislocations,

lattice vacancies, stacking faults, etc. These minor

imperfections in crystal structure can have large

effects on the physical and mechanical properties

of metals and alloys. However, the study of these

imperfections by X-ray diffraction is an exceed-

ingly difficult matter; the imperfections are so

minor in comparison with the over-all regularitj^

of the lattice that they have Httle or no effect on

the gross features of the diffraction pattern. They
produce only slight changes in line shape and in

general diffuse scattering. But an illustration of

what can be done in this field, by careful experi-

mentation and analj'sis, is afforded bj^ the work of

Warren, Averbach, and co-workers who have

done so much to elucidate the structure of cold-

worked metal.

B. D. CULLITY

METALS: ISOLATION AND DETECTION OF MINOR CON-

STITUENTS BY X-RAY DIFFRACTION

A minor crystalline constituent (<0.5 per cent)

in a metal is rarely detectable by X-ray diffraction.

An example is the state of existences and amounts

of Ti in 321 stainless steel (Ti, 0.2 per cent) which

may be ascertained only after isolation of the spe-

cies. A favored reagent which dissolves certain

steels and alloj^s at low acidities, and without oxi-

dation properties, is CuClo -2X01 -21120 (1). Ferric

chloride and other reagents may be used.

Table 1 shows the materials isolated from se-

lected alloys by this reagent, and identified by

X-ray diffraction. In addition, all of the sulfur will

be found in the residue (2), as well as all of the

graphitic carbon, major portions of the combined

carbon, chromium carbide (2), and the various

forms of silicon and silica.

The function of Ti in a high alloy, such as No.

47, is to add strength to the alloy, but in an ex-

perimental study, the physical properties were not

in proportion to the chemical content of Ti. Iso-

lation and determination of the TiN content in-

dicated the correct solution of the problem. Im-

proved melting practices have eliminated the

nitrogen problem.

It is interesting to note that sulfur, (0.02 per

cent) in brass was detected as CuaS (Table I), not

CuS or ZnS. On the other hand, in the earlier re-

fining methods for the removal of copper (speci-

fication max. 0.01 per cent) from lead and lead

alloys, sulfur was the cleaning agent, but the reac-

tion temperature (330°C) permitted the formation

of CuS.
In a study of heat treatments of stainless steels,

whereby the heat-treated steels were dissolved in

the CuClo-2KCl-2H20 reagent, the residual chro-

mium content was dependent on the heat treat-

ment. Failures of the 180° bend tests were directly

related to the high percentage residue of chromium
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Table 1. X-ray Diffraction Analysis of Residue.

Sample

1. Bureau of Standards, No. 101c

2. Bureau of Standards, No. 121b

3. Bureau of Standards, No. 123, 123a

4. Westinghouse Alloy, No. 47

5. Brass^

Composition

18.2% Cr, 9.3% Ni

Identified

FesO,

18% Cr, 8% Ni, -.3% Ti TiN
18% Cr, 8% Ni, 0.7% Nb NbC and/or TaC
20% Cr, 42% Ni, 20% Co, 15% Fe, TiN and TiO.

2%Ti
60% Cu, 39% Zn CusS

The FeCh residue also showed the same diffraction pattern.

after chemical disintegration of the sample with

this reagent.

Procedure.
Solution: Copper potassium chloride. Dissolve

500 g of CuCl2-2KCl -21120 in 100 ml of HCl and

2000 ml of water.

Wash Solution : One volume of copper potassium

chloride solution to four volumes of water. Trans-

fer 5 g of sample to a 600-ml beaker and add 500

ml of copper potassium chloride solution. Heat to

60 to 80°C, stir until the sample has disintegrated

and the metallic copper has redissolved. Filter

through No. 40 Whatman or S and S White Rib-

bon paper, wash with the Wash Solution, then with

water, until the runnings are colorless.

1. For X-ray diffraction examination, wash the

paper with alcohol and dry at about 50°C. Tap the

powder from the paper and grind fine in a mor-

tar. Prepare the powder sample in the usual man-
ner. In a 114.6 mm camera, with 0.5 mm collimat-

ing tube, at 35 kv and 20 ma, the exposure time is

about 16 hours, but the 57.3 mm camera requires

only about 0.5 hour.

2. Chemical determinations. To determine TiN
and Ti02 : dissolve in (1:1) HCl and determine ni-

trogen as NHs; and obtain total Ti by fusing

TiN + Ti02 in K2S2O7 , finish by color with H2O2

,

or gravimetrically by p-hydroxyphenylarsonic acid

(absence of Zr, Sn, Ce). Separate graphitic car-

bon from combined carbon (Cr, Ti but not NbC,
TaC) by oxidation with HNO3 , and complete by
combustion. Determine sulfur by oxidation with

HNO3-HCIO4 and complete as BaS04 (2). De-
termine FeaOi by fusion with K2S2O7 and colori-

metric estimation. NbC and TaC are fumed with

HCIO4 , filtered, ignited, treated with HF and

weighed as Nb205 and Ta205 . The two oxides have

different X-ray diffraction patterns, but the two
carbides are nearly identical, and identical to TiN
also (1).

References

1. Silverman, L., Iron Age 59, No. 6 (Feb. 6,

1947)
2. Silverman, L., Ind. Eng. Chem., Anal. Ed. 10,

433(1938)
Louis Silverman

METHODS, X-RAY

INDUSTRIAL RADIOGRAPHY S, FLUOROSCOPY

EQUIPMENT CHECKS INTERNAL
PHYSICAL STRUCTURE OF MANY
MATERIALS. SPOTS ON FILM

INDICATE VOIDS OR OTHER
DENSITY VARIATIONS. HIGH

VOLTAGE X-RAY UNITS PRODUCE
HARD RADIATION NEEDED TO
PENETRATE THICK SPECIMENS.

INDUSTRIAL FLUOROSCOPY
WITH IMAGE INTENSIFIER

FLUORESCENT SCREEN PHOTO CATHODE

X-RAY

TUBE

MONOCULAR

OBSERVATION SCREEN

USED FOR INSPECTION

OF STEEL WELDS, HEAVY
RUBBER SECTIONS,

HONYCOMB, THICK
PLASTIC PARTS,

ORDNANCE MATERIALS,
HOMOGENEITY OF FUEL
ELEMENTS.

X-RAY ABSORPTION INTENSITY INDICATORS

INSTRUMENT COMPARES DIRECT
INTENSITY FROM X-RAY TUBE
WITH THAT REMAINING AFTER
PASSING THROUGH SPECIMEN.

THE RATIO OF THE TWO READINGS

DETERMINES CHEMICAL COMPOSI-

TION BY APPLYING LAWS OF X-RAY

ABSORPTION.
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METHODS, X-RAY—Continued

X-RAY FLUORESCENCE ABSORPTION

PRIMARY BEAM

[^"Wwyii

STRIP CHART
RECORDER

INSTRUMENTS USED FOR MEASURING
TIN COATING ON STEEL PLATE AND
OTHER SIMILAR APPLICATIONS.
PRIMARY BEAM CAUSES BASE METAL
TO FLUORESCE. SECONDARY RAYS
ARE PARTIALLY ABSORBED BY
COATING. DETECTED INTENSITY
REMAINING ISA MEASURE OF
COATING THICKNESS

PROJECTION MICRORADIOGRAPHY
(X-RAY MICROSCOPY)-

ELECTRON
SOURCE SPECIMEN

DISTANCE OF SPECIMEN FROM
POINT FOCUS DETERMINES MAGNIFICATION

FOR CRITICAL EVALUATION OF OPAQUE
SPECIMENS. CHOICE OF DIFFERENT
TARGETS DURING OPERATION, STEREO
MICROGRAPHY, ABSORPTION ANALYSIS
HANDLED ON THIS INSTRUMENT. AN
ADJUNCT TO LIGHT AND ELECTRON
MICROSCOPY.

FLUORESCENT
SCREEN OR FILM

CONTACT MICRORADIOGRAPHY 3MM DIAMETER
FILM IN CONTACT
WITH SPECIMEN

FOR EXAMINING OPAQUE MINUTE
SPECIMENS FOR MICROSCOPIC
DETAIL. SMALL TABLE UNIT

EMPLOYS 5KV OR LESS TO PRODUCE
SOFT X-RAYS NEEDED FOR WORK ON
THIN BIOLOGICAL AND FOIL

SPECIMENS.

X-RAY PICTURE ENLARGED
PHOTOGRAPHICALLY

X-RAY DIFFRACTION ANALYZES FOR ALL COMPOUNDS
SUCH AS NaCl (SODIUM CHLORIDE).

EACH SUBSTANCE PRODUCES A

DIFFERENT X-RAY "FINGERPRINT"

CURVED LINES ARE PRODUCED
ON FILM BY X-RAYS DIFFRACTED
BY ATOMS IN SPECIMEN.

X-RAY DIFFRACTOMETRY

ANALYZES FOR ALL COMPOUNDS
SUCH AS NoCl (SODIUM CHLORIDE)

SAME PRINCIPLE AS DIFFRACTION
EXCEPT FILM REPLACED WITH

DETECTOR AND CHART TO GIVE

FASTER, MORE ACCURATE DATA.
ELIMINATES FILM PROCESSING
AND MEASUREMENT.

ANALYZES FOR ELEMENTS IN ATOMIC
RANGE FROM #12 (MAGNESIUM) TO #98

(CALIFORNIUM). AUTOMATIC X-RAY

SPECTROGRAPH IS AVAILABLE FOR
PRODUCTION LINE CONTROL WITH

STRIP CHART REPLACED WITH PRINTOUT
CONSOLE. RESULTS ARE PRINTED ON
TAPE FOR AS MANY AS 24 ELEMENTS
AS FAST AS SAMPLES ARE INSERTED.

TIMER & PULSE
COUNTER

FOR QUALITATIVE AND QUANTITATIVE
ANALYSIS OF SPECIMEN SURFACE IN

ONE CUBIC MICRON AREA. USED WITH

OPTICAL MICROSCOPE FOR STUDYING
VARYING COMPOSITION IN LOCALIZED
REGIONS. SPECIMEN ACTS AS TARGET
AND GIVES OFF X-RAYS FROM SPOT.

ELECTROMECHANICAL DEVICES PROVIDE

MOTION FOR SCANNING THE SPECIMEN.

DETECTOR NEED NOT MOVE IN ARC IF

CURVED CRYSTAL IS USED.

Philips Electronic Instruments
(Reproduced by permission)
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MICAS. See Layer-Lattice Silicate Structures; Weathering

of Soil Minerals.

MICROANALYZER. See Probe (Electron).

MICROANGIOGRAPHY

Definition and Historical Background. Micro-

angiography is a specialized form of microradiog-

raphy in which a suitable contrast material is

introduced into the vascular lumen to permit visu-

alization on high-definition X-ray images. Pierre

Goby^ in 1913 reported the demonstration of

microscopic detail in biologic material by means

of high-resolution images and coined the term

"microradiography." LaMarque^ in 1936 produced

images of such high definition as to be able to

demonstrate subcellular structures, and termed

the technique "historadiography." Prives^ in 1938

was able to demonstrate intraosseous blood ves-

sels by microangiography. Barclay* and Trueta

and Harrison^ in England and Bellman and co-

workers^- '^' ^ in Sweden have considered many of

the theoretical and practical aspects of microangi-

ography.

Methods of Enlargement. High-definition X-
ray images capable of significant enlargement

can be produced by three methods. The most
commonly used is that of producing a contact

X-ray image on high-resolution film and, sec-

ondarily, enlarging it. The second method em-
ploys a primary enlargement of the X-ray image

by means of projection of the rays from a point

source, through the specimen to the recording

film placed at a distance from the specimen. The
third method utiHzes the reflection of X-rays and

has not been developed to the present time.

A comparison of methods reveals that secondary

magnification has been utilized almost exclusively

because of the excellence of high-resolution photo-

graphic emulsions available commercially, the rel-

atively low cost of equipment, and the more
generous size limitations placed upon the speci-

men. There is far less distortion of thick specimens

when examined with this technique as compared

to primary magnification, and the geometry of

image formation is superior.

High-Definition X-ray Images. The following

factors® are necessary for production of high-defini-

tion images by primary or secondary enlargement

:

(1) small focal spot in the X-ray source; (2) thin

section of specimen examined; (3) thin, fine-grain

photographic emulsion or other X-ray-sensitive

recording material; (4) minimal X-ray scattering

and photoelectron emission; (5) absence of rela-

tive motion between X-ray source, specimen and

X-ray recording material; (6) short specimen-to-

X-ray-recording-material distance; (7) long X-ray-

source-to-specimen distance; (8) abrupt gradients

in differences of X-ray absorption characteristics

of the specimen. Utilizing secondary magnification,

a relatively larger focal spot may be tolerated with

a resulting gain in X-ray output, thereby permit-

ting a shorter exposure time and use of a less

sensitive but higher-resolution film. If primary

magnification is used, geometrical unsharpness in-

creases due to an increase in the penumbra; this

can only be reduced to a tolerable level by sharply

reducing the size of the focal spot to essentially

a point source. Low-resolution, high-speed film

may be used with primary magnification to com-

pensate for reduced X-ray output, since additional

photographic enlargement is usually of minimal

nature.

X-ray Source. X-ray absorption characteristics

in microradiography obey the usual absorption

law. Low voltages are usually utihzed since X-rays

of longer wavelength are absorbed better in the

thin tissue sections. X-ray diffraction equipment

constitutes the most satisfactory source of power

supply and tubes. Monochromatic radiation has a

theoretical advantage; however, for practical pur-

poses in microangiography because of the specimen

thickness, polychromatic radiation is quite satis-

factory.

Cameras and Film. Peterson^" et al. have

presented the following requirements for a camera

to be used for microangiography: "(1) a rigid,

stable mount connecting the X-ray tube, film and

specimen; (2) a light-proof camera; (3) complete

X-ray shielding; (4) a tilting mechanism; (5) a

vacuum film-holder; (6) convenience of use and

(7) accommodation of a specimen two inches in

diameter." A camera meeting these requirements

will prove satisfactory for most types of micro-

radiography and will provide the ability to pro-

duce stereoscopic images which are of utmost

value in determining spatial arrangement of

structures. The external configuration of the cam-

era will be dictated by the type of X-ray tube it

is adapted for.

Exposure curves for high-resolution film emul-

sions vary considerably. In general, grain size in

the emulsion is proportional to the development

time and also to the hardness of the developer. It

is desirable to work with the smallest grain size

consistent with enough contrast to produce high

resolution. Special spectroscopic and high resolu-

tion plates are produced by various film manu-
facturers which possess a resolving ability of over

1000 lines per millimeter.

Contrast Media. Several requirements must be

imposed upon a satisfactory contrast medium
suitable for injection into the vascular tree. It

must first have a high mass-absorption coefficient

in relation to the wavelength in order to produce

a high-density image. It must have a small, uni-

form, stable particle size to pass easily into the

smallest size vessel to be studied and fill it well.

It must not be permeable so as to pass through

the vessel wall. The viscosity should be low enough

to allow passage into the smallest vessels without

requiring unphysiologic pressures. Excessive pres-

sure may cause artifacts due to extravasation of

contrast medium. The medium must not produce

unphysiologic contraction in vessels. Once injected,

it must be capable of fixation within the vessel

lumen. Suspensions of barium sulfate, colloidal

silver iodide, colloidal gold, colloidal bismuth,
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(a) (b)

Fig. 1. Stereoscopic microangiograms (40x).

colloidal thorium dioxide, and organic iodine com-
pounds have been successfully used in micro-

angiography.

Specimen Preparation. Microangiography tle-

pends upon the introduction of a suitable contrast

medium into the vascular tree. This may be done

either in the living animal or in the freshly killed

animal. Injection pressures in general should

not greatly exceed physiologic pressm-es m the

specimen studied since extravasation of dye may
produce serious artifacts. Perfusion of the vascular

tree has proved extremely helpful in clearing blood

from the vessels, thereby permitting better filling

with the injection medium.
Vasoconstriction which may be present at the

time the specimen is perfused can be overcome by
the use of vasodilating agents such as sodium nitrate

which may be mixed with the injection medium.
Anticoagulation of the blood prior to perfusion of

the vascular system will prevent the formation of

blood clots and thereby permit more complete fill-

ing of the vessels. It is necessarj^ to fix the tissues

with 10 per cent formalin or other suitable fixative

depending upon the contrast medium in order to

maintain it within the vessel walls. Following

fixation, specimens may be embedded in paraffin

or celloidin and cut to the proper thickness as

desired, or they may be cut directly. The increased

density of the soft tissues due to embedding media
or water does not seriously impair the quahty of

the microangiogram since the injection medium
has such a relatively high X-ray-absorption co-

efficient in relation to the other portion of the

tissue section. The thickness of the specimen is

determined by two factors: the relative density

of the vascular bed in the tissue being examined

and the size of the smallest vessel to be visualized.

When studying the capillary circulation of soft

tissues, tissue sections should be from 250 to 400

microns in thickness. If they are thicker, the ovev-

l^^ng vessels present a picture too dense for inter-

pretation. On the other hand, hard tissues such as

bone may be studied up to 1 mm in thickness be-

cause fewer vessels are present. Compact bone

possesses vascular channels called haversian sj'S-

tems which are not mineralized. The outlines of

these canals ma}^ be determined b3^ microradiog-

raphy; however, if one desires to visualize the

vessels within these canals, contrast medium must
be introduced into the vessel. Calcified tissue such

as bone must be demineralized prior to making
microangiograms so as to have sufficient contrast

between the opaque medium and the surrounding

tissue. Wet specimens may be studied, provided

the film emulsion is protected during exposure by

an impervious layer of thin plastic, and movement
due to drying must be reduced to a minimum.
Final study of the microangiogram is performed

by means of a microscope or stereomicroscope.

Stereoscopic Microangiography.^" ^^ Two mi-

croangiograms are produced by taking them at

equal angles of the same specimen. These may be

viewed by utilizing a specially devised stereo-

microscope. Depth is perceived by binocular fusion
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with the added advantage that the entire field

being viewed is in focus at the magnification used

for the examination. This is not so at higher mag-
nifications in examining a tissue section of similar

thickness with stereomicroscopy. Useful magnifi-

cation can be made up to approximately 100

times normal size. Spatial arrangement of vessels

is of utmost importance in understanding the

functional aspects of the circulation. (See Fig. 1.)

The stereoscopic camera is pictured in Fig. 2.

In Vivo Microangiography.^ Microangiography

has major limitations when applied to living sub-

jects. Contrast media ordinarily utihzed in ex-

amination of tissue sections possess too high

toxicity for living tissues. Iodized compounds
have been used with success; however, definition

is distinctly limited because of the prolonged X-ray
exposures required. Movement of the tissues pro-

duces an added difficulty, and investigations are

limited to either thin organs up to several mil-

limeters in thickness or sections of tissue isolated

at surgery so that a photographic emulsion may
be placed behind a thin portion. High-output

X-ray tubes are essential and film developers

must be of increased hardness in order to achieve

favorable contrast. Because of the relatively large

amounts of soft X-ray used with this method, seri-

ous consideration must be given to the problem of

the cytopathologic effects of radiation. Correct

-Tu b ular
adapters

evaluation must be placed upon the effects of the

experimental conditions during a study such as

this.

Limitations on Interpretations. Microangiog-

raphy, particularly in reference to large sections

of tissue ranging from 250 to 1000 microns in

thickness, may be considered in one sense a non-

destructive analysis permitting additional studies

of the section by other methods such as direct

histologic examination and other microanalysis.

Great emphasis must be placed upon the fact

that there is no consistent method which guaran-

tees complete filling of all blood vessels at a single

time in an organ or tissue. The vessels of organs

and tissues alternately open and close, producing

a variable blood flow. Vessels which do not fill

with contrast medium therefore cannot be said to

be nonfunctional. Interpretations must be based

only upon visualized structures and not upon non-

visualized structures. Incomplete filling of vessel

lumens may be misinterpreted as representing vas-

cular spasm. It is felt that microangiography con-

tributes a very marked advantage in studying the

vessels of tissues by presenting a three-dimensional

pattern which could not be visualized well in

many tissues by ordinary clearing techniques. It

must be utilized in conjunction with standard

histologic examination to distinguish accurately re-

lations with surrounding tissue and to determine

the exact nature of the vessels being studied.

L. F. A. Peterson and P. J. Kelly

MICROANNEALING. See Dislocation Movement and Align-

ment.

MICROBEAM DIFFRACTION. See Polymers, Semicrystal-

line: Applications of Microbeam and Low-Angle

Diffraction Methods.

MICROBEAMS. See Microdiffraction; Tubes, Finest-Focus

Triode.

MICROBIOLOGICAL EFFECTS OF RADIATION. See Food

Preservation.

MICROCALORIMETER DOSE METER,

urements of Radiation.

See Units and Meas-

FiG. 2. Stereoscopic microradiographic camera
with vacuum cassette as used by authors.

MICRO-CONSTITUENTS IN STEEL AND OTHER COMPLEX

ALLOYS: X-RAY ANALYSIS

Concentration or Separation of Phases. The

application of X-ray diffraction techniques to the

study of constituents such as carbides, nitrides or

intermetallic phases in steels is considerably as-

sisted by the use of methods for the concentration

of such phases and their separation from the
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matrix.^"" The proportions of carbides and other

phases are generally small relative to the matrix

and so would usually escape identification in the

bulk material.

Either chemical solution or electrolytic attack

can be used to remove the matrix and leave behind

the other constituents. Many of the procedures

suggested could be used to enhance the amounts of

these phases on the surface for X-ray diffraction

examination in situ. It is more usual, however, to

separate the phases completely and, after washing

and drying the residues, to obtain powder dif-

fraction patterns. The same procedures can ob-

viously be used for other types of alloy and there

have been applications, for example, to heat-

resisting alloys—including nickel-base alloys.^"

(See also".) Some of the methods are also used

for the identification of nonmetallic inclusions,

in which case the carbides and compounds can

be decomposed by chlorination after preparation

of the residue.

A number of solutions are in frequent use,

including alcoholic solutions of bromine or iodine

for chemical attack, and, for electrolysis, solutions

of ferric chloride, sodium citrate, hydrochloric acid

in alcohol, and others. Electrolytic cells may be

either open to the atmosphere, or closed, in which
case an inert gas, usually nitrogen, may be cir-

culated in order to avoid oxidation of the residues.

Fuller details of the various cells described in the

literature may be obtained from the selected list

of references (e.g.,^"^^).

The identification of phases by powder photog-

raphy after separation may be effected in cylin-

drical powder cameras, or preferably in a focusing

camera, the advantages of which are exemplified

in some of the work of Kuo (e.g.,"). In some work,

especially during the earlier stages of a precipita-

tion process, the particles may be very fine and
can be lost in the separation. Identification by elec-

tron diffraction using extraction replica methods
may then be used, in conjunction with the X-ray
examination. The use of the same extraction rep-

licas to provide identification in the X-ray camera
has also been advocated.^^ In this work, the

A.S.T.M. X-ray Powder Data File, special com-
pilations of spacings and a library of standard
photographs are useful accessories.

Information additional to phase identification

will be obtained whenever possible. The lattice

parameters of the phases are often variable and
are an index of the alloy elements in solid solution.

In simple cases the parameter alone could indicate

the complete analysis, but more often there is a
number of alloy elements and the problem is

more complicated. Use can, however, be made of

existing data" and this can be extended by re-

search workers from their own material. Fuller

and more detailed interpretation can be effected

by providing a chemical or spectrographic analysis

of the residue. One method is a solution technique
followed by X-ray fluorescence analysis .^^ The
use in conjunction with the diffraction pattern is

simplified when only one constituent is present.

Separation by, for example, flotation techniques
would enable the analysis of an individual phase
to be completed. Otherwise, the assessment of

proportions of phases by powder photographs (em-
ploying comparision with standard mixtures or

photometry) or by diffractometry can be used but

the full analysis of the separate phases would still

generally be unattainable

.

Chemical analysis of the electrolyte after solu-

tion or analysis of the residue alone in conjunction

with the analysis of the steel as a whole gives the

partition of alloy elements between matrix and

other constituents. In addition the lattice param-
eter of the matrix can be obtained and may be of

value in interpreting the behavior of the material

—for example, where there is coherency between

the matrix and a precipitate.

Typical Constituents. A selection of the phases

commonl}^ found in plain carbon steels and alloy

steels is given below. Details of these phases and

lattice parameters are generally to be found in the

compilation by Pearson." The crystallography of

carbides in allov steels has been surveyed by
Goldschmidt."

Iron Compounds:

Iron carbide, Cementite, FesC.

Iron carbide, e-carbide, FexC with 2 < X < 3

Iron nitrides, FeoN, FdN, FeieNo

Iron boride, Fe2B

Cubic Alloy Carbides and Nitrides (MX or So-

dium Chloride Types)

:

Titanium carbide and nitride. TiC, TiN
Vanadium carbide and nitride, V4C3 , VN
Niobium carbide and nitride, NbC, NbN
Zirconium carbide and nitride, ZrC, ZrN
Chromium nitride, CrN
The carbides may form solid solutions in each

other, and likewise the nitrides."' ^ In addition

some mutual solubility between nitride and car-

bide is frequent.

Hexagonal Interstitial Compounds (M2X Type):

Chromium nitride, Cr2N
Molybdenum carbide, M02C
Tungsten carbide, W2C
(e Fe2C belongs to this type)

Many solid-solution phases occur with this

structure.^

Complex Alloy Carbides:

M23C6 (/c) type:

Chromium (Iron) carbide, i.e. (Cr,Fe)23C6

and with molybdenum alone, Fe2iMo2C6

or with molybdenum and chromium,
(Fe,Cr,Mo)23C6

or with tungsten, Fe2iW2C6

MeC type (77 carbides) :

—

Iron-molybdenum, FesMosC -^ Fe4Mo2C
Iron-tungsten, FeaWsC -^ Fe4W2C
Many solid-solution variants are possible."

The distinction has been made between

771 carbides such as Fe4Mo2C, and 1 j^ ^
V2 carbides such as Fe2Mo4C /

The most general formula for phases in steel

would be (Fe, Cr, Ni, Mn, V, Co, Cu)3/4

(Mo, W,Ta,Nb)3/2C
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M^Cb—a phase of unknown composition de-

scribed by Kuo'* and found in steels con-

taining mob^bdenum.

Ordered Phases:

Ordered body-centered cubic phases

:

FeAl, FeTi, FeCo
NiAl, NiTi
FesAl

Ordered face-centered phases

:

NisFe
NisAl

Ordered hexagonal phases

:

NisTi

Other Intermetallic Phases:

Sigma phase

:

A wide range of sigma-phase compositions are

possible but in steels the most frequently

occurring contains chromium.

General formula for steels

:

(Fe,Ni, Mn)x(Cr,V,Mo)y y

with variation of x/y in the region of 1.0.

Zeta and related phases

:

These are intermetallic phases such as Fe2W3

,

Fe2W, Fe3Mo2 , FevMoe , which have been

found in high-speed steels and others such

as FesNba , FesZrs

.

Chi phases

:

Chi phase is isomorphous with a manganese

(may form as an alternative to sigma phase)

and occurs in alloy steels containing Cr and

Mo or Ti. Formulas obtained for this phase

include

:

FeisCreMos , FeieCrgMoe , and Fese Cria NisTiy

Laves phases

:

These fall into any of the three types described

in the literature but the commonest is the

hexagonal MgZn2 type (C 14).

In steels the Fe2Ti and FeaNb with soHd-solution

replacements is the commonest.

Several other phases including siUcides have

been reported.

Use of the Identification, Lattice Parameter

Measurements and Other Data. There is a large

and growing number of papers in which the meth-

ods indicated have been used in research on steel

constitution. The following summary only gives

a few representative appHcations which exemphfy

how the results can be used in addition to the

straightforward indentification of phases—the X-
ray data often being combined with data from

other sources.

a) When a satisfactory analysis of the residue

is not obtainable, correlation will often exist be-

tween the relative proportions of the carbides and

i other phases or the lattice parameters and the

I proportions of the alloy elements in the original

I composition. Krainer^^ has made effective use of

! such connections in the interpretation of a variety
' of steels containing, W, Mo, Ti, etc. A particular

example is the variation of lattice parameter of

both MeC and (V, Mo)4C3 with the ratio V:Mo
and the complementary nature of the two phases.

Lattice parameters may also follow ratios of alloy

elements to each other or to carbon.

b) The apphcation to alloy steels may be used

to obtain partial phase or constitution diagrams

based on steel compositions rather than two or

more pure components, e.g., the work of Crafts

and others.^*' ^^ The precipitation of phases can

show typical solubiUty curves such as are usually

associated with age-hardening systems.^*'

c) A notable example of the most complete and

detailed analysis of phase constitution refers to

high-speed steel. Here extensive use is made of re-

lations between lattice parameters of phases, their

relative amounts, and the partition of alloy ele-

ments.^" (See also*.)

d) The precipitation of phases, the sequences of

reactions that may occur in which one phase

nucleates another and is eventually replaced by it,

and the approach to ultimate equilibrium involves

time as well as temperature. Examples of time and

temperature diagrams refer to isothermally trans-

formed chromium steels,"^ to other low-alloy

steels^^ and to steels containing chromium and

vanadium.^'' The last of these provides consider-

able detail on the identity of phases, their indi-

vidual composition and time variation. The tem-

pering process has been studied in this way (e.g.,^^).

An extensive investigation of isothermal transfor-

mation, behavior involving X-ray and other tech-

niques, showed progressive changes in carbide com-

position.^- This pattern has been broadly followed

in several other studies—a particularly complete

investigation is represented by the work of Bun-

gardt and Miilders in steels containing Cr, Mo, W,
and Mn.^

e) The derivation of ''C curves" for the pre-

cipitation of phases as a function of time and

temperature may be effected by the X-ray meth-

ods which can be combined with other techniques

such as optical or electron microscopy.

f) There are several scattered examples of the

detailed analysis of phases in relation to their

structure^*' ^' ^^ and this aspect is also referred to in

some of the previous papers."'
^**

g) The partial phase diagrams noted in (b)

have led to the beginning of a wider study of steel

constitution in which constitution is represented

by phase regions for the carbides as a function of

the various alloy contents. Such diagrams are

practically more significant than the binary or

ternary equilibrium diagrams of the more con-

ventional type.

K. W. Andrews and H. Hughes
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MICRODIFFRACTION

The technical designation for all investigative

methods that combine X-ray diffraction with the
use of a primary beam of small diameter, usually

100 microns or less. Like all X-ray diffraction tech-

niques, microdiffraction explores the ordered ar-

rangement of the atoms in the materials investi-

gated.

Microdiffraction cameras have been used for

research in many different fields, such as metal-
lurgy', biolog3' and textile research. There are sev-

eral different types of microcameras available to-

day. They can be broadlj- divided into two general

classes:

1. Cameras designed to take advantage of the

fine-focus X-ray tubes to reduce exposure times,

giving essentiallj^ the same information as stand-

ard cameras;^

2. Cameras that use a fine X-ray beam to get

information unobtainable with standard-size cam-
eras.

In enumerating the types of information ob-

tainable with microbeams, we shall distinguish

those situations in which the sample is so small

that all of it is illuminated by the beam (sample
diameter less than 100 microns) and those in which
the beam illuminates only a segment of the sam-
ple. The first of these situations arises when the

amount of crystalline materials to be identified is

ver,y small. The diffraction diagram obtained may
be used for a full identification with the help of

the X-ray powder data file, or the diagram of the

unknown may be compared with that of known
substances, thus confirming or excluding the pres-

ence of specified crystallized compoimds.
When the beam is smaller than the whole sample

available, the beam acts as a selecting tool of the

area to be examined. The variety of situations in

which such a selection may be desirable is almost
endless. The investigator maj', for instance, choose

an interesting area of a large sample under the

microscope, with or without the use of polarized

light, for a diffraction study. He may thus visually

compare different areas of the same specimen with

each other and examine them for chemical iden-

tit3% relative orientation, etc. He may in particular

single out inclusion bodies in minerals, in biologi-

cal tissue preparations, etc.-

Areas to be investigated by microdiffraction

need not be selected only by means of the optical

microscope. The sample may, for instance, be
mapped by microradiography, a technique that

furnishes information on the differential absorp-

tion of X-rays. An investigation of urinary calculi

has been reported by C. Lagergren." Having se-

lected pertinent details by microradiography he

was able to identify by microdiffraction the crys-

talline compounds present and to obtain, more-
over, some information on their texture.

The investigation may be concerned with the

details of changes brought about in a specimen

by various kinds of treatment, such as mechanical

stress, exposure to chemical reagents, heat treat-

ment, or radiation exposure. During the various

stages of the treatment the same small area of the

specimen may be recognized and positioned re-

peatedly in the X-ray beam for a series of diffrac-

tion diagrams (Fig. 1). In this fashion the progres-

sive changes in one small portion of the specimen
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Fig 1. Single nylon fiber, drawn by hand, then subjected to swelling m dilute aqueous

phenol solution. Cu Ka. radiation, nickel filter, 100 ^ glass capillary as collimator. (A)

X-ray diffraction diagram obtained from part of the fiber retaining its original cross section

and showing no preferred orientation in polarized light. (B) X-ray diffraction diagram

of part of fiber having a reduced cross section and exhibiting preferred orientation m
polarized light.

will not be obscured by differences in local prop-

erties of an inhomogenous specimen.'^

In texture studies one is frequently concerned

with the number, size, and orientation of the crys-

talHtes of a polycrystalline specimen, and the

degree of deformation they may exhibit. If the

cross section of the microbeam in the specimen

plane and its angular collimation are known, as

well as the thickness of the specimen, then the

number of separate specks in a diffraction ring

may be used to estimate fairly accurately the

number of individual grains per unit volume (Figs.

2 and 3). The deformation of the individual grains

will show itself in the change of shape of the dif-

fraction spots. Again, this examination may be re-

peated after the specimen has undergone some
treatment. In these investigations it is not neces-

sary to preselect a particular part of the specimen,

since the beam irradiates a volume of specified

size. Alternatively, texture studies may be confined

to a particular domain of the specimen.* Needless

to say, the situations described above may occur

in various combinations.

Instrumentation. The source of X-rays can be

the usual crystallographic tube or a fine-focus tube,

which has a small focal spot of high intensity.

Many different microdiffraction cameras have been

built. Most designs were motivated by particular

investigations and their needs. There exist single-

crystal microcameras, designed by J. Singer, J. A.

Richards, B. Williamson and I. Fankuchen, and

by J. W. Jeffery and H. E. Bullen,^ and micro-

cameras specially suited to texture studies, by P.

B. Hirsch and I. N. Kellar, and by M. E. Berg-

mann,® and many other types of microcameras.^

X-ray microbeam cameras must possess the fol-

lowing characteristics

:

a) It must be possible to position the specimen

accurately in the microbeam

;

b) the specimen-to-film distance must be small;

c) the distance between the collimator and the

specimen must be small;

d) the camera must possess the adjustments

Fig. 2. X-ray diffraction diagram of a piece of

X-ray film, showing the grain size of the emulsion.

Cu radiation, nickel filter, 50 ii glass capillary as

collimator.

necessary to ahgn it accurately and securely with

the focal spot of the X-ray tube ; and

e) the degree of angular collimation of the beam
depends on the particular investigation to be per-

formed. The better the angular collimation, the

poorer in general is the intensity.

In order to illustrate how these design require-

ments may be met, photographs and drawings of

two different microcameras are presented below.

For more detailed descriptions of these and other

cameras, and for instructions for use, the reader

is referred to the original literature.

A simple and very useful microcamera is manu-
factured by Philips Electronics, Inc. This camera

was designed by G. F. Chesley^ and is basically

similar to those described by I. Fankuchen and H.

Mark,^ and by E. Klein, O. R. Trautz, I.

Fankuchen and H. K. Addelston.^ In the United

States this camera is probably the best-known

microcamera that is commercially available; it is

shown in Figs. 4A and 4B.

The colhmating systems of this camera, which

are interchangeable, consist of glass capillaries,

available in bores of 50 microns and 100 microns,

respectively, mounted in metal inserts; these in-
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Fig. 3. Effects of the collimating system and of the texture of the sample on the detailed

structure of Debye-Scherrer rings. All four photographs were enlarged. (A), (B), (C) were

obtained from the AgBr grains in an undeveloped X-ray film, (A) with a 100 /x lead glass

capillary, (B) with a 50 lead glass capillary^ and (C) and (D) with a 60 /a pinhole system.

(D) represents the transmission pattern of Ni foil.

serfs fit into the front plate of the camera, Fig. 4C.

The specimen holder also is attached to the front

plate. To position the specimen accurately with

respect to the collimating system by visual means,

one places the whole front plate under the micro-

scope.

The back part of the camera contains the film

holder, a flat cassette. To permit observation of

the primary beam both during the alignment of

the camera and in the course of exposure, the film

holder lets the film pass through a hole in the

center, behind which are located a fluorescent

screen and a lead glass window. Front and back

Fig. 4. The Norelco microcamera, designed by
G. F. Chesley; (4A) Microcamera fully assembled,
front view. (4B) The components of the micro-
camera; (4C) details of the collimating system of

the Norelco microcamera.

LEAD
APERTURES

*(-GLASS CAPILLARY

of the camera are positioned relative to each other

by locating pins and screwed together with a
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Fig. 5A. Photograph of Bergmann microcamera
aligned with the Ehrenberg-Spear microfocus X-
ray tube by Hilger.

threaded ring. The camera is designed to permit

evacuation.

With careful handling, the whole unit may be re-

moved from its support and later replaced without

disturbing the alignment with the X-ray source.

The support itself consists of the foot that fits on

the track of the X-ray unit, and a yoke that

carries the camera. The yoke can be raised and

lowered in the foot, and it can be turned about its

vertical axis; the camera turns in the yoke about

a horizonal axis. These movements provide all the

degrees of freedom required to ahgn the camera

with the X-ray source.

Figs. 5A and 5B show another microdiffraction

camera, which was designed by M. E. Bergmann
and built at Polytechnic Institute of Brooklyn.

This camera takes a variety of collimating sys-

tems; the specimen-to-film distance can be varied

over a very large range.

Fig. 5B. Line drawing of Bergmann
to the list of components.

(I) Track support, front.

(II) Track support, rear.

(III) Subassembly containing collimating

system and specimen holder.

(IV) Cassette holder

(1) Upper heavy plate.

(2) Lower heavy plate.

(3) Micrometer screw.

(4) Vertical adjustment, rod.

(5) Vertical adjustment, nut.

(6) Parallel bar supporting track.

(7) Connecting joint.

(8) Pivoting circular disk.

( 9 ) Track
(10) Foot of (III) and (IV).

(11) Specimen Holder (mechanical micro-
scope stage).

microcamera. The numbers in this drawing refer

(12) Plate.

(13) Film.
(14) Beam trap.

(15) Front plate of cassette.

(16) Rear plate of cassette with beam-trap
guide.

(17) Aluminum foil.

(18) Entrance pinhole assembly.

(18a) Adjustable disk.

(18b) Entrance pinhole insert.

(18c) Entrance platinum sheet with pinhole.

(18d) Entrance leadshield with pinhole.

(19) Exit pinhole assembly.

(19a) Adjustable disk.

(19b) Exit pinhole insert.

(19c) Exit platinum sheet with pinhole.
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MICRO-MACRORADIOGRAPHY. See Magnified X-Ray
Images in Medicine and Biology.

MICRORADIOGRAPHIC SURVEYS AS A PRELIMINARY TO

ELECTRON MICROSCOPY

Microradiographic techniques are now^ widely

employed in the study of biological mineralization.

Contact microradiography is also very useful for

making preliminary survej^s of embedded speci-

mens which are to be sectioned for electron micros-

copy.^ These examinations make it easy to locate

the desired mineral-containing regions within rel-

ativeh^ large embeddings, which can then be re-

duced appropriately to the tiny size required for

ultramicrotomy. Furthermore, information from

survey radiographs aids in circumvention of the

difficulty usually encountered in cutting un-

homogenous material by permitting decisions to be

made in advance regarding the feasibility of sec-

tioning selected regions, as well as the size and
content of the final cube.

The optimal thickness of sections for micro-

radiography is ordinarily around six microns, and

the3^ can be made with any microtome equipped for

cutting with glass or diamond knives. The par-

ticular techniciue by which the sections are

mounted on the photographic emulsion is largely

a matter of choice.^' " A simple procedure, however,

is to transfer the sections singly from the knife

edge with a camel's-hair brush to the surface of

warm water for flattening. They are then picked

Fig. 1. A contact microradiograph (250X) made
in a survey of embedded mineralizing turkey leg

tendon is shown in the top picture. The object was
to locate the edge of the calcified region, where
the early deposition of mineral could be studied.

The electron micrograph at the bottom ( 35,000X)
illustrates the parallel rows of crystals which were
seen in the collagen fibrils in this zone.
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Fig. 2. A typical contact microradiograph made from a ground section of plastic-embedded

developing tooth enamel before a piece was removed and re-embedded for electron

microscopy is shown in the top picture (150X), and, below, the characteristic appearance

under the electron microscope of thin sections cut parallel to the plane of the radiograph

(8,000X).

up on loops of fine wire, allowed to dry in air,

following which they are taken into the darkroom

and placed on the photographic plates with

tweezers. Intimate contact is estabhshed by warm-
ing the photographic plate momentarily on an

electric heater and applying light pressure to the

section. If necessary, the embedding medium is

removed by immersion of the plate in an ap-

propriate solvent. X-ray exposure is made,^' ^ the

section is removed by gentle wiping with cotton

saturated with an organic solvent such as ethylene

dichloride, and the plate is developed.

The microradiograph is examined under an op-

tical microscope, and the location of the region se-

lected for electron microscopy is determined with

an ocular micrometer. The corresponding region

in the embedded specimen can then be found by

making similar measurements on the surface of

the block under reflected or incident light. This

technique has been successfully applied in studies

of embryonic bones and teeth, calcifying avian

tendons, dental calculus, aortic tissue mineralized

in vitro, and calcareous corpuscles in the tapeworm
(Fig. 1).

Another method has recently been developed^

which permits not only preliminary radiographic

exploration of large calcified specimens prior to

final embedding for electron microscopj^ but also

subsequent correlation of ultrastructure with radio-

density. In the case of developing enamel, for ex-

ample, a 30-micron-ground section is made from

an entire tooth which has been embedded for sup-

port in hard plastic. A contact microradiograph is

made,'^ following which a piece small enough for

thin sectioning without further reduction in size is

dissected from the ground section and re-em-

bedded in the desired orientation. Another radio-

graph of the ground section is then made to record

the exact area from which the sample was taken.

Useful information can be derived from thin sec-

tions comprising the entire thickness of the

original ground section, when they are cut either

parallel or at right angles to the plane in which

the microradiograph is made (Fig. 2).
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MICRORADIOGRAPHY. See Absorptiometry of Osseous

Tissue, Magnified X-Ray Images in Medicine and Biol-

ogy; Microangiography; Rubber Microradiography.



MICRORADIOGRAPHY, DICHROMATIC 606

MICRORADIOGRAPHY, DICHROMATIC, IN QUANTITA-

TIVE DETERMINATION OF ORGANIC AND INOR-

GANIC MATERIAL IN MINERALIZED TISSUES

Quantitative microradiographic studies on min-

eralized tissues seem to have been focused only

on the mineral component. Analyses of calcium

and phosphorus in bone^' ^ and of calcium in teeth^

were performed with X-ray absorption spec-

trography utilizing the difference in magnitude of

the mass absorption coefficient on either side of

the K absorption edge of calcium and phosphorus,

respectively. Recently, also electron probe X-ray

spectrography was used for the determination of

calcium^ and calcium and phosphorus" in develop-

ing teeth.

Most quantitative microradiographic work on

hard tissues, however, has been concerned with

determination of the total mineral phase, the

chemical composition of which is assumed to be

best represented by the formula for calcium hy-

droxyapatite, Caio(P04)6(OH)2 . The wavelength

region of the radiation has then been chosen to

minimize the absorption in the organic component.

In analyses of low-mineralized structures, how-
ever, the absorption of the organic phase con-

tributes considerably to the total absorption in

the specimen. Microradiographically, it has been

possible to study the organic material in a mineral-

ized tissue only in decalcified specimens, from

which other material than the mineral phase might
have been dissolved during the decalcification pro-

cedure.

Two phases in a given specimen can be quanti-

tatively determined in situ b}" dichromatic X-ray
absorption measurements provided that at the two
wavelengths the ratios between the mass absorp-

tion coefficients of the two phases is not the same.

The greater the difference between these ratios,

the more sensitive is the method. To a very good

approximation, a dehydrated minerahzed tissue

may be regarded as a mixture of calcium h}'-

droxyapatite and protein (in bone, dentine, and

cementum, mainly collagen).

When a photographic-photometric procedure is

used, the wavelength range between lA and lOA is

appropriate for the dichromatic analyses of min-

eralized specimens. At one wavelength, the ratio

between the mass absorption coefficients of hy-

droxyapatite and collagen should be as high as

possible. Within the wavelength range shorter

than that corresponding to the K absorption edge

of calcium (Fig. 1) the absorption of hydroxy-

apatite is high compared to that of collagen, due

to the substantial K absorption in calcium and

also in phosphorus. Here, K radiation from ele-

ments with atomic number Z > 20, e.g., vanadium

(Z = 23), and chromium (Z = 24), provides ade-

quate monochomatic radiation. In a recent study

on bone,^ chromium Kai. 2 radiation (\i = 2.29A)

was used.

At the other wavelength, the ratio between the

mass absorption coefficients of hydroxyapatite and

collagen should be small. This occurs when neither

calcium nor phosphorus has any photoelectric ab-

sorption in the K electron orbit, i.e., for radiation

with wavelengths longer than the K absorption

edge of phosphorus. Zirconium L/Si radiation (\o =
5.84A) has been used® because no suitable K radia-

tion is available within this wavelength range.

For the most fine-grained photographic emul-

sions the photographic density is a linear function

of the X-ray intensity, up to a density of about

0.5.° At quantitative photometric measurements in

an X-ray absorption image of a mineralized speci-

men, a photographic density of 0.5, corresponding
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Fig. 1. The mass absorption coefficients of hydroxyapatite and collagen plotted against

the wavelength of the roentgen radiation, showing the principle of the dichromatic micro-
radiographic procedure.
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to the incident X-ray intensity, involves a photo-

graphic density of about 0.1, corresponding to the

X-ray intensity transmitted through a minerahzed

structure, thus giving a large error at the photo-

metric procedure. However, it is not necessary to

restrict the measurements to the straight portion

of the density versus intensity curve if a step

wedge reference system, the composition and mass

of which is known, is exposed together with the

specimen. By photometry of the microradiogram

the intensity of the radiation transmitted through

the specimen is then compared to the intensities

transmitted through the different steps of the ref-

erence system. In this procedure the use of mono-

chromatic radiation is a prerequisite for quantita-

tive analyses. Therefore, a high vacuum X-ray

spectrophotometer giving high intensities of mono-

chromatic radiation^ has been utilized. Aluminium

foils have served as reference system at Xi = 2.29

A

and cellulose foils at Xo — 5.84A.

The experimental procedure may be summarized

the following way

:

f(ju/p)Aii/AiWAi = ill/p)B.kxmux + in/p)oimo (la)

\(fJL/p)c2fomo = (m/p)ha2Wha + (m/p)o2WIo (lb)

Here, Al, c, HA, and o indicate aluminum foils,

cellulose foils, hydroxyapatite, and organic mate-

rial (collagen), respectively, and the indices 1 and

2 correspond to the wavelengths Xi and X2 .
Further,

7?ui and rric are the weight per unit area of one

foil in the respective reference system, and niHA

and mo are the weight per unit area of hydroxy-

apatite and organic material, respectively, in the

structure measured. The corresponding foil equiva-

lents, denoted /ai and fe , are determined at the

photometric procedure. From Eqs. (1 a) and (1

b), mHA and rrio can then be obtained. If the thick-

ness of the specimen is known, the weight per

unit area of hydroxyapatite and organic material,

respectively, can easily be converted to weight per

unit volume.
Equations (1 a) and (1 b) are based upon the

general absorption formula for X-rays, which is

valid only if the intensity of the re-radiation asso-

ciated with the absorption process is extremely

low, or if the main portion of this radiation is re-

absorbed in the object. It has been shown that

only the direct K fluorescence from elements with

atomic numbers above 12 has any measurable in-

fluence on the microradiographic analyses of bio-

logic specimens.*

The dichromatic microradiographic method has

been applied among others to studies on bone tis-

sue .'^
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MICRORADIOGRAPHY IN BIOLOGY

Theoretically, X-rays should be able to reveal

finer details than optical microscopes because they

are shorter in wavelength than visible and ultra-

violet Hght and can penetrate many objects that

are opaque to the latter forms of radiation. The

resolving power in any magnification system de-

pends on the wavelength of the rays used. With

visible light the limit set by this factor is about

0.2yLt and with ultraviolet light about 0.1/x; with

X-rays it should be finer, although the exact lim-

its have not yet been reached because of technical

difficulties in exploiting their theoretical possibili-

ties. The soft X-rays used to reveal biological mi-

croscopic details have a wavelength in the region

of 1-lOA, whereas those used in ordinary optical

microscopes range from about 4000-7000A.

An X-ray microscope based on conventional op-

tical patterns is not practical because the refrac-

tive index of materials for roentgen rays is so

close to unity that the focal length of a suitable

lens would approach 1000 times the radius of the

curvature and the rays would be partially or com-

pletely absorbed in passing through the lens. The
weakened beam of X-rays would be further at-

tenuated before reaching the specimen to be ex-

amined unless the lengthy space between it and

the lens was almost completely evacuated. These

are almost insuperable difficulties. This being so,

other methods have been devised to exploit X-
rays in revealing minute structural details. These

may be grouped under four main headings—elec-

tron microradiography, X-ray reflecting micro-

scopes, projection microradiography and contact

microradiography. The first three methods will be

described relatively briefiy as so far they have

been employed much less often than contact mi-

croradiography. It is probable, however, that pro-

jection microradiography will ultimately become

the method of choice in biology.

Electron Microradiography. Essentially this

depends on the differential emission and absorp-

tion of electrons and it should not be confused

with autoradiography. The secondary electron

emission from certain materials under X-ray or

gamma-ray bombardment (for some purposes
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EMULSION C

RADIADOR
ELECTRONICO

Fig. 1. Diagrams illustrating the two electron mi-
croradiographic techniques described in the text.

alpha or beta rays may be more suitable^'') is

used to produce a photographic image of the same
size as the specimen, which is usually a histologi-

cal section, or thin objects such as stamps, paper,

metallic foils, leaves, insect wings and so forth
.''"^

Two techniques have been exploited.

In one method (Fig. 1) the specimen is "sand-

wiched" between a layer of lead foil and the pho-
tographic emulsion. The foil is irradiated by hard
rays, which are filtered to remove the softer rays,

and this causes electrons to be emitted from the

surface of the foil in contact with the specimen.
The plates are coated with emulsions which are

relatively much more sensitive to electrons than
to hard X-rays or gamma rays and so they record
the differential absorption of electrons in the vari-

ous parts of the specimen.
The other technique is of more value if the

specimen itself contains elements capable of emit-
ting electrons during irradiation. The specimen is

placed directly below the emulsion (Fig. 1) and

the hard X-rays or gamma raj'S pass through the

photographic film before reaching the specimen.

Some of the electrons liberated when the rays

strike the specimen are scattered back into the

emulsion and so produce a photographic image.

This method has a rather limited biological ap-

plication in the examination of the surface struc-

ture of tissues with a high mineral content, such

as bone or teeth.

Electron microradiography is less successful

than projection and contact microradiography.

X-ray Reflecting Microscopes. It is possible to

focus an X-ra}" beam by diffraction from suitably

orientated crj^stal planes or b}^ reflection from
curved glass or metal mirrors. Holweck,^ Gouy"
and others""^* discussed such possibilities, but ow-
ing to theoretical and technical problems the first

successful X-ray reflecting microscope was not

constructed until 1948 by Kirkpatrick and
Baez.^'^'^*' It is based on the principle that X-rays
falling at a glancing angle on the surface of a

slightly concave mirror are reflected in a plane

perpendicular to its axis, producing a line focus

(Fig. 2). If two such mirrors are placed at right

angles, the line of rays from the first is focused to

a point by the second so that from a minute field

of an object a true enlarged image at high resolu-

tion is obtained. The design and adjustment of

the reflecting surfaces is difficult and the s.vstem is

liable to severe aberrations. Kirkpatrick and Pat-

tee^" attempted to improve the performance by
using slightly aspherical mirrors and they con-

sidered the possibility of increasing resolution by
making a compound reflecting microscope (Fig.

3). Such a S3' stem, if perfected, should produce a

resolution exceeding that obtainable with ultra-

violet light.^® So far the results have fallen short

of this theoretical optimum, except over extremeh^
minute areas of the specimen, and owing to the

difficulties in constructing and manipulating mi-
croscopes of this type they have not achieved

widespread popularity.

Projection Microradiography. This attractive

and promising method is sometimes referred to as

geometric X-raj' microscopy because the rays

from a tiny focus pass through the specimen and
produce a geometrically enlarged image on a film

or plate. It is essential that the specimen be
placed as close as possible to the source of X-
rays; the projected and magnified image is re-

corded on a photographic plate located at some
distance from the object; the image may be fur-

ther enlarged by ordinary photomicrographic

methods. Sievert" accomplished this by allowing

a narrow beam of X-rays to reach the specimen
through a pinhole in a radiopaque screen. To pre-

vent an image of the target being projected on
the photographic emulsion, the X-ray tube was
moved continuously during the exposure. De-
mountable tubes with very fine focal spots have
now been produced and, with these almost point

sources of X-rays, moderate magnifications can

be achieved with excellent detail and negligible

penumbral blurring. This has been demonstrated
by Ely"° using a modified Ehrenberg-Spear fine

focus X-ray tube. Incidentally, these tubes are

also excellent for contact microradiography, but it
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Fig. 2. Diagrams showing principle of X-ray reflecting microscopes. The ^PP^^°^^^,|-J}°^^
how X-rays (P) are reflected from a shghtly concave mirror as a Ime focus (QR). When
two such mirrors are placed at right angles, as shown in the lower diagram, the line of rays

from the first is focused to a point by the second (Kirkpatrick and Pattee").

is unhkely that for projection techniques they will

ever be able to challenge the following procedure.

Ardenne"^' ^- suggested this superior method of

attaining a point source of X-rays. His proposal

was to focus electrons on a minute target spot and
to utilize the X-rays so generated. This idea has

been expertly adapted by Cosslett and Nixon .^^'^^

They have been able to achieve a resolution close

to 0.1/i, equivalent to that obtainable with an ul-

traviolet microscope,^''' ^" and Nixon stated "speci-

men and plate distances could in principle be ad-

justed to record a fringe equal to a resolving

power even as good as lOOA," so that ''the un-
explored region beyond the ultraviolet microscope,

with the specimen at atmospheric pressure, will

become accessible if the resolution can be im-
proved still further." There are obvious advan-
tages in being able to examine optically opaque
objects at a resolution approaching that of the

lower-powered electron microscopes, but without
desiccation or the use of a high vacuum. This is

within the bounds of possibility with projection

microradiography if instrumental refinements such

as improved focusing, still smaller focal spots and

Fig. 3. Four mirrors arranged to form a compound
X-ray reflecting microscope (Kirkpatrick and Pat-
tee^^).

thinner targets can be achieved. As the magnifica-

tion is increased the specimens must be made

progressively thinner, because if they are much

thicker than ten times the resolving power of the

system, the image sharpness is reduced and the

detail is obscured by overlapping shadows. By
attenuating the sections the X-ray contrast is di-

minished, although this disadvantage may be

partly overcome by improved methods of staining

or shadowing.

In the projection microscope devised by Coss-

lett and Nixon (Fig. 4) a hot-tungsten filament

electron gun forms a narrow electron beam ac-

celerated to 5 to 20 kv. The beam traverses an

evacuated space as in an electron microscope and

it is focused by two magnetic lenses located out-

side the vacuum chamber. An objective lens re-

duces the size of the beam and a condenser lens

determines the over-all reduction. The resulting

electron beam, reduced to about 0.1^^, strikes the

minute thin metal-foil target which also forms

the window of the tube and may consist of copper,

tungsten, beryllium or gold. The X-rays generated

in this way are therefore produced from a tiny

spot corresponding to the size of the electron

beam, and their wavelengths vary according to

the metal foil used as a combined target and win-

dow. The window is suflticiently thin to transmit

most of the X-rays generated in it by the con-

centrated and accelerated electron beam, and be-

cause of its very small area it is able to withstand

atmospheric pressure, while electrons do not pene-

trate it in sufficient numbers to produce electron

contamination unless the foil is exceedingly thin.

Attempts to reduce electron scattering in the tar-

get by evaporating a layer of heavy metal such as

gold on to a mechanical support made of beryl-

hum foil produced no significant improvement in

resolution.^"^^ '«

The specimen is mounted on a mechanical
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Fig. 4. Diagrammatic cross-section of a projec-

tion or geometric X-ray microscope (Crosslett and
Nixon 23-25).

stage"' with three degrees of freedom for scanning

the field of view in two directions and changing

the magnification with the third ; it is placed very

close to the outer surface of the target window
and moved about as required. With a specimen-

source distance of about 1 mm and a camera
length of about 5 cm a primary geometrical mag-
nification of approximately 50 times is produced,

but much higher magnifications have been ob-

tained over very tiny areas of selected objects

such as test grids. Cosslett'® predicts that projec-

tion microradiography may prove useful in esti-

mating particle sizes in metallurgj' and chemical

technology and in studying the effects of radiation

upon living structures such as tissue cultures and

insects. Its value in biology has been demon-
strated by Cosslett and Nixon themselves, by
Saunders,^° Saunders et aU^ and others.

An interesting development of this method in

which amplification of the electron image is pro-

duced was described by Pattee^" and Cosslett and

Haine.'^^ The electron beam is made to scan the

target in synchronism with a magnified scan on

the screen of a cathode-ray tube (Fig. 5). The en-

larged X-ray shadow cast by a specimen placed

close to the target is projected upon a fluorescent

crystal coupled to a photocell. Modulation of in-

tensity in the cathode-ray tube is controlled by

the photocell through a photomultiplier and am-
plifier so that a magnified image of the specimen

appears upon the screen.

Contact Microradiography. To date this rela-

tively simple method has been more widely em-

ployed than any other and, despite certain limita-

tions, it is of great value in certain biological

investigations. It stems from the pioneer attempts

of Goby^'- ^ in 1913 to demonstrate the structure

of diatoms and foraminifera by means of the X-
ra.y equipment and plates available at that date,

and he termed the process microradiography; in

1925 he^** produced stereoscopic microradiographs.

Dauvillier^"- ^ secured better results by using softer

X-rays and plates coated with fine-grain emul-

sions. Lamarque and his co-workers^®'" improved

on these results by employing still softer X-rays

generated by a diffraction tube with a lithium

window sealed to a special camera so that both

could be evacuated to a high vacuum. Bohatir-

chuk (Bohatyrtschuk)'^"'® and Engstrom and his

co-workers*""^^ extended the sphere of general ap-

plication and introduced special techniques for the

assay of tissue contents and for the measurement
of nerve fibers and other delicate structures. They
used complicated apparatus and techniques, how-
ever, which restricted their usefulness and general

employment, so Barclaj'^^'^' devised a simpler

method utihzing standard diffraction tubes and

maximum resolution films or plates. His system,

FUENTE DE
EMISION

—^
PLACAS DE

DEFLEXION
CRISTAL

FLUORESCENTE

FOTOMULTIPLICADOR

TUBO DE
RAYOS

CATODICOS

VOLTAJE DE
EXPLORACION

AMPLIFICADOR
DE

IMAGEN

Fig. 5. Schematic illustration of a scanning X-ray projection microscope with image
amplification (Pattee®^).
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with minor modifications such as the addition of

vacuum cassettes, has been employed by Mitchell

and his co-workers,^'-'" Sissons,'' Bellman and his

co-workers,™-^* and others. Similar methods em-

ploying more elaborate demountable tubes with

finer foci have been used by Ehrenberg and

Spear^^ and Ely.^°

In contact microradiography, as opposed to pro-

jection microradiography, the object or specimen

to be examined is placed as close to the photo-

graphic emulsion and as far from the tube target

as possible. The microradiographic image is thus

virtually the same size as the specimen. Barclay

employed a target-specimen distance of 10 cm,

but by fixing the cassettes on the end of a hollow

cylinder sealed to the tube, and evacuating the

cylinder and cassette, Mitchell was able to in-

crease the target-specimen distance to 45 cm and

this modification produced significantly better re-

sults. Soft X-rays produced by a two-valve gen-

erator with an output of 5 to 30 kv and a standard

diffraction tube with a molybdenum target and a

beryllium window were used by Mitchell and his

co-workers, but other types of tube may also be

employed. For example, by using a tube with a

tungsten target, the exposure time is reduced. It

is essential to record the image on maximum reso-

lution films or plates, because the image can sub-

sequently be enlarged by routine photomicro-

graphic methods to give magnifications of 5 to 200

which are adequate for most biological purposes.

All the microradiographs reproduced here were

produced by contact microradiography (Mitch-

gjp9, 60) In practice it was found that with a

molybdenum target diffraction tube no useful

amount of radiation penetrates the beryllium

window unless the voltage exceeds 7 kv, so 7 to 20

kv at 5 to 10 ma were used. The tube-object dis-

tance was usually 40 to 45 cm, and a vacuum cas-

sette connected to an oil suction pump was em-

ployed. Exposure times varied between seconds

and hours, depending on the size, thickness and

nature of the specimen, the tube-object distance,

the kilovoltage, milliamperage, and the speed of

the emulsion which must be of the maximum or

high resolution type. The optimum exposure fac-

tors for any specimen vary with the type of ap-

paratus. Many workers who use this technique

have improvised their own apparatus, although

commercially produced microradiographic equip-

ment is now available. However the optimum ex-

posure factors for any specimen must be deter-

mined by trial exposures. Stringent precautions to

prevent contamination must be taken at every

stage from the preparation of the section, through

exposure, processing and subsequent photomicrog-

raphy, as otherwise the image will be blemished

by dust or other particles (Graham®'').

Because of the absence of graininess in high

resolution emulsions, the original microradio-

graphs can be examined under the microscope and
photomicrographs of selected areas can be made.
The magnification used for photomicrography
varies from 5-100 and still further magnification

may be obtained by ordinary photographic en-

largement methods. By such methods, and if the

Fig. 6. Microradiograph of dentine in 50^ trans-

verse section of human adult molar tooth (lOOOX).

Fig. 7. Photomicrograph of the same section

illustrated in figure 6 (lOOOX). (Section provided
by Mr. J. Miller, Dental Hospital, Manchester
University).

specimen is naturally radiopaque (e.g., bone or

dentine), magnifications up to 1000 can be

achieved and it may be valuable to compare the

microradiograph and an ordinary photomicro-

graph (Figs. 6 and 7) of the same histological

section (Miller'''). It should be emphasized, how-

ever, that such high magnifications are difficult to

obtain and that for most biological purposes much
lower magnifications are adequate. At present the

factor limiting magnification is the photographic

emulsion rather than the source of X-rays, be-

cause tubes with focal spots sufficiently small to

provide images with neghgible penumbral blur-

ring are now available. The problem of producing

emulsions with a resolution better than 1000 fines
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Fig. 8. Microradiograph of elm leaf showing veins

and small hairs (lOX).

Fig. 9. Enlargement (SOX) of portion of micro-

radiograph shown in figure 8.

Fig. 10. Microradiograph of head end of mille-

pede (Ulius scandinavicus) (25X).

per mm is great, and Engstrom and Lindstrom^*'

have shown that it is rendered more difficult be-

cause the resolution of emulsions is somewhat less

to X-rays than to ordinary light. The thickness of

612

the specimen is another limiting factor as there is

superimposition of shadows in thicker sections,

and the geometry is unfavorable for good reso-

lution for parts of a thick section that are rela-

tively far from the emulsion. Even if colloidal

emulsions could be obtained which would retain

the colloidal state throughout development and

fixation, the final result would still be limited by

the optical methods used to examine or enlarge

the negative. Cosslett'' suggested that this dif-

ficulty might be overcome by using a thin coating

of emulsion that could be stripped from the plate

or film and examined under an electron micro-

scope. Apparently this has not yet been at-

tempted, so the best resolution attainable at

present is about l^c. This is adeciuate for many bio-

logical investigations.

Applications. Contact microradiography has

been used for the investigation of a wide variety

of problems and some of these, with their advan-

tages and disadvantages, will be discussed briefly.

It has been used :

1. To examine natural and unprepared speci-

mens such as leaves, paper, cloth, seeds, arthro-

pods, and so on (Figs. 8 to 11). Preliminary

freeze-drying of green or moist specimens is of

some service in increasing radiotranslucency

;

while this permits shortening of exposures, thus

minimizing the risk of blurring due to drying and

shrinkage during prolonged exposures, it does not

lead to any spectacular improvement in the detail

visible in the actual microradiographs.

As regards the results, they are rarely better

than, and seldom as good as, those obtainable

with ordinary microscopy after clearing or other

special preparation techniques, but they can be

secured more ciuickly and easily by microradiog-

raphy ivithout any special preparation. Inciden-

tally, comparison of the results reveals no evi-

dence that the prepared specimens show artifacts.

2. To investigate special points, e.g., the sites

where minerals are deposited in leaves (Fig. 12)

and this may be simulated artificially by adding

appropriate chemicals to the water supphed to

the plant; or the presence of infestation in grain,

Fig. U. Photomicrograph of cleared specimen of

same type of millepede as shown in figure 10 (25X).
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the effects of various methods of harvesting and
storage on oats and wheat, etc.°°

As mentioned under the previous heading, X-
rays have some advantages because pictures are

procured relatively easily, speedily and without
sectioning, staining, or clearing. However, without
complicated procedures, the information they pro-
vide is neither truly quantitative nor qualitative;

and they are an adjunct to rather than p substi-

tute for the histochemical and other methods used
to study mineral or similar deposits.

3. To probe the nature or contents of small fos-

FiG. 12. Microradiograph of laurel leaf showing
veins, galls, and mineral deposits, the last repre-
sented by the small white dots (50X).

^:f

Fig. 14. Microradiograph of 3 mm section across
the junctional area in an arthrodesed knee joint.

(Specimen provided by Mr. J. Charnley, Manches-
ter Royal Infirmary).

Fig. 13. Microradiograph of 50/i transverse sec-
tion of bone showing Haversian systems (30X).

Fig. 15. Microradiograph of part of human foetal
parietal bone showing radiating pattern of ossifica-
tion (15X).

silized objects or masses which might be damaged
by cleaning or other forms of interference. The
existence and nature of small embedded objects

such as shells, small skeletons and other fossilized

minutiae may be unmasked bj'- X-rays; but many
fossil fragments are too large and dense for micro-
radiography and must be examined by the harder
rays produced by medical or industrial types of

X-ray apparatus.

4. To measure exactly very fine structures such
as nerve fibers (Engstrom and Lindstrom^^). Pub-
lished descriptions suggest that the method is

more complicated and no more accurate than
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Fig. 16. Microradiograph of lUUya section of hu-

man molar tooth showing evidence of lesions m
enamel and dentine (15X).

Fig. 17. Microradiograph of calcareous deposits

in human pineal gland (12X). (Specimen provided

by Dr. P. O. Yates, Manchester University.)

routine methods of measurement used by micros-

copists.

5. To display the structure of various objects,

such as wood, bone, teeth, tiny digits, etc., which,

apart from cutting or grinding, are otherwise in

their natural state (Figs. 13-16). Sections up to

several milHmeters thick can readily be examined

without decalcification or special clearing tech-

niques.

In this field microradiography is superior in

some respects to ordinary histology and micros-

copy. Sections can be prepared with less difficulty

and more rapidly, much thicker shces can be used,

and the possibihty of examining calcified and os-

sified material without preliminary^ decalcification

is an advantage, e.g., in studying certain osseous

lesions or derangements of collagen formation m
bones, and in locating the sites of naturally oc-

curring calcified deposits, e.g., in cartilage, arteries,

the digital pads of certain animals, in arthropods,

in ductless glands such as the pineal Figs. 17-19 in

the calciferous glands in worms, and so on. Some

of these may be unexpected, such as calcified de-

posits noted in the digital pad of Tarsius spec-

trum.*^ However, the deUcacy of detail in the best

microradiographs does not approach that in good

histological sections.

6. To disclose the presence of any abnormal

radiopaque substances in the tissues and organs,

such as those in pneumonoconiosis cases, the dust

diseases of the lungs, including anthracosis, sili-

cosis and siderosis; in calcified lesions, such as

those in tuberculous lymph nodes and in muscles

invaded by various parasites; or in the organs of

persons who have received accidentally, feloni-

ously or therapeutically doses of arsenic, bismuth,

thorium, mercury, etc.

Except to gain an impression about the pres-

ence and extent of such abnormal deposits, no

experienced investigator would be content to rely

Fig. 18. Microradiograph showing calcareous de-

posits and some evidence of ossification in a costal

cartilage from an old man (12X).
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on microradiography alone for his information,

since he could learn more by employing appro-
priate staining and chemical tests.

7. To examine sections of tissues (Figs. 20-23),

organs and embryos that have been impregnated

Fig. 19. Microradiograph of calcareous deposits
in the wall of the anterior tibial artery from an old
man (12X).

Fig. 21. Microradiograph of 200/x section of hu-
man kidney showing the reticular and collagenous
frarnework which has been impregnated by Go-
mori's silver stain. The glomeruli, tubules and;>es-
sels are outlined (SOX).

Fig. 20. Microradiograph of 150^1 transverse sec-
tion of part of human spinal cord, impregnated with
silver by the Golgi technique, showing grey and
white matter (35X).

Fig. 22. Microradiograph of 100/a section of nor-
mal human lung treated with Thorotrast (200X).

with radiopaque metalHc salts to enhance con-
trast; e.g., silver reputedly possesses a selective

affinity for nervous and reticular tissues, and
"Thorotrast," according to Bohatirchuk,®^ is se-

lectively adsorbed by some types of cancerous
growths, but we have found (Fig. 22) that nor-
mal tissues also ''stain" well with Thorotrast.
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Fio. 23. Microradiograph of 100/a section of hu-

man foetal arm, impregnated with silver by Wrete's

method, showing the radial nerve (N). The adjacent

muscles and part of the humerus are also visible

(90X).

The reputed selective affinity of nerves for

silver should render them relatively radiopaque

m stained and impregnated sections, but one in-

vestigator"^' "® discovered that the selective affin-

ity hypothesis is largely unjustified, and that skin,

tendons and some other structures apparently at-

tract silver almost as much as nerves, although

normally they reduce it less, so that, after appro-

priate development, the nerves look darker in

color than their surroundings. Unless the total

amount of metal present in adjacent structures is

significantly different, however, the contrast ob-

tainable with microradiography is insufficient to

reveal them as separate entities, and so this pro-

cedure fails to differentiate between the finer

nerves and their surroundings, although larger

ones can be identified with ease (Fig. 23).

8. To reveal the number and distribution of

\ascula, tubules and ductules. Many of these show

up without special preparation, e.g.. the veins in

leaves, the tubules in the wings of insects, and

\essels and ducts in various organs and tissues,

because their walls or their contents are normally

more or less radiopaque than their surroundings.

However, all can be displayed with greater clar-

ity by injecting them with radiopaque media of a

particulate or colloid character (Figs. 24-26).

Fine suspensions or emulsions of barium or bis-

muth salts, and 10 per cent colloidal silver solu-

tions are excellent for these purposes, and if the

size of the particles in the injected fluid is known.

Fig. 24. Microradiograph of 200/a section of hu-

man kidney showing arteriolae rectae and convo-

luted tubules injected with 20% colloidal silver

iodide (lOOX).

Fig. 25. Alicroradiogrnph of 5 mm section of hu-

man cerebral cortex showing arteries injected with

10% colloidal silver iodide (15X). (Specimen pro-

vided by Mr. E. C. Hutchinson, Manchester Royal

Infirmary).
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Fig. 26. Microradiograph of mucosa from human
stomach showing vessels injected with 10% col-
loidal silver iodide (120X).

deductions may be made about the approximate
caliber of the channels injected. This use of micro-
radiography does not necessarily provide more in-

formation than the many colored injection, chem-
ical interaction, clearing and corrosion techniques,
but it is easier than most of them. Moreover, the
barium and silver injections commonly used are
all white and show up the vessels as well as
colored latex or Indian ink injections, so that
visual and radiographic methods can be com-
bined.

Conclusion. It must be stressed that micro-
radiographs are X-ray shadow pictures that dis-

close in a relatively simple fashion the pattern or

distribution of various normal and abnormal com-
ponents and constituents, both organic and in-

organic, in a wide variety of structures. At the
present time, microradiography supplements and
does not supersede other methods of microscopy.
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MICRORADIOGRAPHY, IRON AND STEEL APPLICATIONS

OF*

The application of microradiography to iron

and steel does not usually involve serious difficul-

Acta Radiol 47,

Lambert, P. B.,

J. A., in "X-ray

ties in specimen preparation although cracking

due to brittleness can occur, and specimens of the

necessary thinness do in fact tend to cur\^e

slightly.' A thickness of 0.002 inch has been found

most satisfactory for steels. The preparation of

specimens can follow one of the simple established

procedures.^' "' ^' *

For ferrous metal specimens the possible choices

of radiation can be exploited to advantage, since

a number of conventional alloy elements lie in the

same row of the periodic table, and the usually

available target metals for providing Ka radia-

tions are in the same series. Thus nickel radiation

is most heavily absorbed by iron itself, while dif-

ferentiation of inclusions or other particles con-

taining manganese in particular is facilitated by

the high absorption of Cu, Co and Ni radiations

and low absorption of Fe, Mn, and Cr radiations.

The following figures" illustrate this point and

bring out the possibility of reversal of contrast.

Linear Absorption Coefficients for K
Radiations

Coefficients Co Cr

Ma Fe
MbMnS
Mb — Ma

470

1445

975

903

670
-233

3120

1070

-2050

Figures 1 and 2 show microradiographs of a

piece of free-cutting steel which not only illus-

trate the reversal of contrast with MnS, but also

bring out the ease with which the distribution of

lead particles can be examined. Other examples of

manganese sulfide or lead distribution have been

referred to in the hterature.'- '•
^'

' One of these

refers to the presence of MnS inclusions which lie

along cracks in broken fatigue specimens. The

over-all segregation of manganese in a high man-

ganese steel is represented by a pattern of rela-

tively darker and lighter bands.

Figures 3, 4, 5 also happen to illustrate the oc-

currence of manganese sulfide but are of interest

* From Encyclopedia of Microscopy, 1961, p.

587.

Fig. 1. Microradiograph with cobalt radiation

of free cutting steel showing manganese sulfide

sometimes surrounded by lead (white areas). The

black striations are cavities due to break up of in-

clusions during cold drawing. lOOX.
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in that, by taking advantage of the different ab-

sorption properties, segregation of chromium is

estabhshed, and some indication of the presence

of other inclusions is obtained. These pictures il-

lustrate a banded segregation of chromium which

appeared to suggest that the maximum difference

in chromium content might be over 5 per cent.

Another kind of segregation is represented by
Fig. 6, a photomicrograph, and Fig. 7, a micro-

radiograph of an alloy steel. The segregation is

attributed to molybdenum which is present in

considerably larger amounts in one phase (sigma)

than in the other (ferrite). A notable case of this

kind is shown in Fig. 8, the microradiograph, and
Fig. 9, the photomicrograph, of a high alloy steel

containing molybdenum and niobium. Other exam-

FiG. 2. Same region as in Fig. 1 but with chro-
mium radiation. MnS now darker than matrix.
Note: Lead is still represented by white areas.

Some lead has squeezed into the cavities in the
MnS. 100X.

^f-

mm^miK
Fig. 4. Same area as Fig. 3. Cobalt radiation.

MnS now also shows up white as well as the Cr
segregation. Some dark areas associated with MnS
may be cavities or silicate inclusions. 75 X.

Fig. 3. Microradiograph. L^on radiation. 12% Cr
steel with white streaks due to Cr segregation, con-
taining dark specks due to MnS. 75 X.

Fig. 5. Same area as in Figs. 3 and 4. Chromium
radiation. MnS and associated cavities or silicates

are now dark. Cr segregation not revealed. White
specks could be due to traces of lead or other
heavy element. 75 X.

pies of segregation of alloy elements into one phase

or another or of segregation into dendrites or other

cast structures have been given in the literature.^'
^' "'

The radiations which are usualh' available and
suitable for the microradiograph}- of iron and
steel are such that lead particles always appear

lighter than the matrix (higher absorption) while

alumina and other hght inclusions appear darker

(lower absorption). Similarly, graphite flakes show
up verj^ readil}^ in cast iron'^'

'" and small graphite
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.! I

ft

Fig. 6. Photomic-rograph 230X.

£

Fig. 7. Microradiograph 230X. Chromium radia-

tion.

Alloy steel (20% Cr, 7% Ni, 314% Mo) showing sigma phase in aiistenite matrix after

heating at 900° C. for 500 hours. Fig. 7 indicates segregation of molybdenum between the

two phases.

•I

'i

^ir

Fig. 8. Microradiograph 160X.

ft
i " .-i

^r
.1

1^ ^ ^X«, l.iH;

V

•

fe^

a^^
^^r\..*^%-

> > -^

^ A.* .

Fig. 9. Photomicrograph 160X.

Alloy steel (15% Cr, 18% Ni, 3% Mn, 21/2% Mo, 7% Co, 2^/2%. Nb). Contams carbides

and intermetallic compounds. (Segregation of alloy elements was further elucidated by use

of other radiations). Note: Effect of specimen thickness.
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particles, etc., can easily be detected in graphitized

steels.® Other applications include the study of

interdiffusion between metals. A particular ex-

ample is described by Goldschmidt" and concerns

the changes which occur during the preparation of

iron-chromium alloys by sintering powders.
An effect which is important with relatively

coarse-grained ferrous materials (as indeed with
any kind of metallic specimen) depends on dif-

fraction. Different grains in a specimen will dif-

fract the incident radiation to different degrees
according to their orientation. This effect reduces
the intensity of the transmitted beam and may
lead to a reproduction of the grain pattern on the
microradiograph which readily shows contrast re-

versals with different radiations or with the same
radiation at different angles of incidence. Exam-
ples are given in the Hterature.^ If microradiogra-
phy by projection is employed diffraction can
produce images which correspond to a reduced in-

tensity of transmitted radiation and simultaneous
images from intensity diffracted in forward direc-

tions with Bragg angles less than 45°.'° This effect

is similar to the phenomenon of diffraction from
coarse grains in metal specimens giving mottling
effects on macroradiographs.^'
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MICROSCOPE X-RAY DIFFRACTION CAMERA. See Dis-

location Movement and Alignment.

MICROSCOPY: X-RAYS. See Magnified X-Roy Images;
Microangiography; Projection Microscopy.

MINERALS. See Layer-Lattice Silicates; Layer Minerals,
Randomly Interstratified; Weathering of Soil Minerals.

MIXED LAYERS. See Weathering of Soil Minerals

MOLECULAR SIEVES. See Sieves, Synthetic Molecular-
Structures.

MONITORING OF CHEMICAL PROCESS STREAMS. See
Gauges, X-Ray.

MONITORING OF RADIATION

Radiation monitoring is the name applied to a

group of activities with the central purpose of

gaining assurance that radiation conditions have
not changed in any unusual or unrecognized way
since some previous time when conditions were
known. People, places, and things may be moni-
tored, and are. In inverse order, the formal names
applied are source, area, and personnel monitor-
ing.

Source monitoring has two distinct parts. The
first of these is standardization of output. The
output from an X-ray tube frequently changes

both in ciuantity and ciuality as the tube ages.

Particularly in medical applications, it is neces-

sary to know the exposure dose rate within rather

narrow limits. The second part is the periodic in-

spection of the source housing or container, and is

made to detect leaks in the barrier. The wipe test

required at 6-month intervals by the U.S. Atomic
Energy Commission for sealed sources is one
source-monitoring techniciue for radioactive iso-

topes. Around an X-ray tube housing, a metered
instrument might be used initially to indicate ab-

solute levels, followed by one or more films to

show the detail in a leakage pattern. With ex-

perience, these steps can be abridged possibly to

some one indication at a critical location to

achieve the desired assurance.

Area monitoring is used in part to record the

use of a source, and in part to detect a radiation

fault. Any radiation detector capable of integrat-

ing its response over useful periods—usually one
day to one month—can be used as an area moni-
tor. Depending on the kind of facihty, the monitor
would be placed on a wall of the irradiation room,
either inside or outside. In normal use, the inte-

grated response can be expected to exhibit some
measure of constancy; any unusual deviation is

an indication of an abnormal situation and must
be explained. Since the area monitor occupies a

fixed location, it can serve as a control on all other

monitoring procedures.

Personnel monitoring is an attempt to gather

information relating to the radiation fields within

which operating personnel work. One or more in-

tegrating detectors are carried by each person

monitored. These detectors are usuallv film badges
or ionization-chamber "pencils," although manj'
other devices have been used and some of these

are required to obtain specific information. For
example, a film mounted in a ring can give infor-
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mation about the radiation level to which the

hands have been exposed to a precision exceeding

that possible from a film badge worn on the trunk

(in which case, distance and time estimates would

be required).

There has been some tendency to consider the

readings derived from personnel monitoring de-

vices as being both accurate and indicative of ex-

posure conditions to the vrhole body. It is now be-

coming recognized that neither of these is usually

true. By their very nature, these detectors are not

accurate; variations of the order of at least 10 per

cent are easily demonstrable. Further, the detector

is purposely made small enough to be worn con-

veniently, and consequently can only at best re-

cord the radiation history of one locality.

Perhaps an example will illustrate the con-

ceptual difficulties of personnel monitoring. Per-

sonnel are in the irradiation room during operation

of the generator for fluoroscopic examinations.

Lead-rubber aprons are usually worn. Should the

film badge be worn outside or underneath the

apron? The answer to this question must surely

be related to the information desired from the

film-badge reading. Emplo3'ment circumstances ex-

ist wherein a history of exposures is recorded, at

least for radiation workers. In this frame of refer-

ence, the question may be restated: Should the

record be related more directly to the radiation

field in which the person works or to the dose ab-

sorbed by the whole body? And, further: Can ade-

quate information appropriate for either relation

be derived from a film-badge reading?

A reading from a film badge worn outside the

apron is relatable to the radiation field. Since the

exposure levels in the irradiation room will fre-

quently be responsible for wearing the apron, it

follows that significant film-badge readings can be

anticipated. If desired, such readings could be used

to estimate the body dose. To do this would re-

quire consideration of several factors such as at-

tenuation provided by the apron for the radiation

quality used, fractional coverage of the bodj^ ra-

diation back-scattered from the walls of the room,

and dosage distribution patterns within the body.
Not an easy job, but quite possible in principle.

A reading from a film badge worn underneath
the apron is usually held to be relatable to the

body dose. If a significant reading is obtained from
the film badge, then the application of the same
considerations as those listed above will again

make this interpretation possible in principle. But
usually such readings will not be decisively above
the detectable minimum (perhaps 15 mr) ; hence

the only real information is that the apron is in-

tact. For the record, one could not assert that the

true reading is less than the minimum and, since

an apron attenuates the incident radiation by a

factor of about 100 (typical), one would have to

show 100 times this minimum as the possible ex-

posure to uncovered portions of the body. Thus,

for failure of a significant reading, the intended

purpose cannot be accomplished.

Since the exposure record will require interpreta-

tion no matter which alternative is chosen, it seems

logical to choose the one for which the data are

more significant, hence more reliable. Experience

shows that an additional value is reaUzed when the

film badge is worn outside the apron: operating

personnel tend to develop work habits which

minimize a radiation reading which is above the

detectable minimum. By the same token, super-

visors can use significant readings to evaluate the

work habits of operating personnel.
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MONOCHROMATIC SYSTEMS. See Bone Mineral Content.

MONOCHROMATORS. See Probe, Intermediate X-Ray.

MONTMORILLONITE. See Weathering of Soil Minerals.

MORTALITY PEAKS. See Lipids, Protective Effect of.

MOSAIC BLOCK SIZES FROM X-RAY INTENSITY MEAS-

UREMENTS

The idea of the mosaic structure was introduced

by Darwin as a mathematical model of an imper-

fect crystal.^ It has been recognized that the

mosaic block really exists in crystals and is related

with the crystal dislocations. ^ Although the de-

velopment of the X-ray diffraction topography

(q.v.) made it possible to observe individual dis-

locations in some sorts of crystals, the determina-

tion of block sizes in crystals by X-rays may be

useful to infer the imperfection of the crystal as a

whole.
Usually intensities, broadenings, and shapes of

the diffraction lines are measured to estimate the

mosaic block sizes or misorientations between mo-
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saic blocks. The early works on the intensity meas-
urement have been carried out for large crystals

of NaCl,^ LiF,^ MgO,^ diamond, ^ quartz, " hexa-

methylene-tetramine,^ AV^ ^ and Mg.^ Extinction

ef^^ects^" were found for most of these crystals. The
magnitude of the extinction effect was determined
by comparing the intensities from single crystals

with those from powders. Although several crys-

tals showed extinction effects which could not be
explained in terms of secondary extinction alone,

in all cases analyses were made assuming second-

ary extinction only. Angular spreads between mo-
saics appeared to be l'-5' in the case of these large

crystals. In these experiments, however, no at-

tempt was made to determine the sizes of the mo-
saic blocks.

Some investigations have been made to obtain
the mosaic block sizes in some crystals by compar-
ing the observed intensities of reflected X-rays
with the theoretical ones. In usual cases, the De-
bye-Scherrer powder diffraction lines from pow-
dered or polycrystalline specimens were measured
accurately. This method has become reliable, as

the accuracy of the intensity measurement has
been increased through the progressive improve-
ments of Geiger counter spectrometers. Experi-
ments have been made on a-brass,i^ Al,i'—'2,13

Cu,^3 steel, 14' 1^ Pb,i^ and Ge.^'' The measurements
on a-brass were interpreted in terms of primary
extinction, and the block size was estimated to

be 0.2-0.6 M for annealed specimens. ^^ These data
were re-examined and it was concluded that ei-

ther primary or secondary extinction could ac-

count for the results. 1^ The occurrence of the
primary extinction was, however, slightly pref-

erable and then the size of the block be-

came 1.3 /x. The results of the measurements for

Al and Cu were discussed in various ways^^' i^- 20

and it appeared that the results were consistent
with the existence of primary extinction for a block
size of 3 At^o or 3.4 /j.^^ for annealed Al, and 1 fx for
Cu.2o These results were all obtained by using
powdered specimens of metals. Assuming that the
primary extinction exists, the mosaic sizes in single

crystals of Al were also found to be about 4^,
which decreased to 0.5 /x when the specimens were
elongated. 12 j^ g^^ annealed polycrystalline steel

specimen, the mosaic size was 3 to 4 /x^^ while it

was rather small, 0.5 to 0.6 /x, in other cases. ^^

The intensity measurement for Pb is difficult be-
cause of the large quantity of absorption of X-rays
in the material. When the data for Pb powder were
analyzed with a simple correction for the absorp-
tion, the block size in filed powder had the value
of about 0.8 fx, which increased slightly when the
specimen was annealed. i*' In the case of Ge single

crystals which had a density of dislocations smaller
than 10^ cm~2, the intensities of reflected X-rays
were close to the calculated values for a perfect
crystal rather than that for a mosaic crystal. i'^

The mosaic block sizes of about 1 /x obtained for
annealed metals may be taken as a rough estima-
tion to the distance between imperfections in these
crystals. From the point of view of the dislocation
theory, dislocation lines in annealed metals are
considered to form a three-dimensional network

which divides the crystal into blocks. Assuming
that these blocks are equivalent to the mosaic
blocks described above, the density of dislocations

in crystals can be calculated,^! which is 3 X 10^

cm~2 when the block size is 1 m- This value of dis-

location density is not far from the values obtained
by other physical and metallurgical methods. It

must be noticed, however, that any imperfections
occurring on the scale of the block size will affect

the extinction phenomena. Aggregates of impuri-
ties, precipitates, clusters of vacancies and inter-

stitials, and stacking faults, will reduce the ex-

tinction. The above estimation of the block size

and the dislocation density was made ignoring the
effect of these imperfections.

The following is a brief description of a method
to determine the mosaic block sizes in crystals. It

is convenient to apply a Geiger counter spectrome-
ter to measure the integrated intensities of re-

flected lines from the specimens. i^- ^^ Specimens
are usually very fine powders produced mechani-
cally or chemically in suitable ways. After meas-
uring the intensities of each reflected line, the re-

sults are analyzed as follows. We start from
Darwin's formulas for extinction effects. When
primary or secondary extinction exists, the ratio

of the observed intensity I to the theoretical in-

tensity /' is, respectively,

///' = tanh pq/pq, (1)

///' = 1/(1 +2gl'), (2)

where p is the number of given planes in a mosaic
block, q the amplitude of reflection from an atomic
plane, g = [2(7r)i/2^]~i, and 7? is the mean angle of

misorientation between the blocks. Some modified

forms of these expressions have been pro-
posed. i^- ^^' 20 For instance, Weiss' formulas^^ can
be obtained by expanding Eqs. (1) and (2), as-

suming that the mosaic block has spherical form.

They are expressed as

I/r = 1 - [7{e'N\/mc^)W^K^fr, (3)

///' = 1 - [4X(e2iVX/mc2)2gZ)]Z/r/sin 6, (4)

where N is the number of unit cells per unit vol-

ume, e and m are the electronic charge and mass, c

is the velocity of light, X the wavelength of the

incident X-ray, D the diameter of the mosaic
block in the specimen, and 6 the Bragg angle. The
polarization factor is given by K = (1 -f cos^ 20) /2

when the monochromator is not used in the meas-
urement; fr is the atomic scattering factor cor-

rected for dispersion23 and comprising also the

temperature factor. 2'' The theoretical value of the

integrated intensity /' can be calculated from the

formula

/' = loN^SKGLJl Frl'Aie)^ (5)

where h is the intensity of the incident beam, *S

the area of the surface of the specimen immersed
in the beam, and Ft the structure factor. The
geometrical factor G = MttZ sin 2 6, where I means
the distance between the specimen and the

counter; the Lorentz factor L = }i sin 6; j is the

multiplicity factor, and A (6) represents the ab-

sorption factor. When the specimen is made from
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fine powder with small absorption coefficient, the

product SA (d) is a quantity almost independent

of the angle d.^^ When the absorption coefficient

of the specimen material is large, SA{d) varies

with d and some adequate correction will be neces-

sary. i^ When values of I/I' are plotted against

K^f% and Kfr/sin d, we can determine whether

the primary or secondary extinction occurs. And

when the primary extinction occurs in practice,

we can calculate the mosaic block size D, using

Eq. (3), from the slope of the straight line in the

///' vs. K^fr diagram.
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MOVING FILM DIFFRACTION METHODS FOR SINGLE

CRYSTALS

In the X-ray studies of single crystals for unit

cell, space group or structure determinations, the

various diffraction cameras available may be con-

veniently classed into two groups, one in which

stationary films are used and the other in which

moving films are used. Most arrangements using

the first technique, however, are handicapped by

the overlapping of diffraction spots which leads to

ambiguity in indexing and difficulty in measuring

intensity of individual reflections. On the other

hand, the moving-film methods, although they

necessarily involve more elaborate instrumenta-

tions, have the advantage of overcoming this diffi-

culty in addition to embodying other desirable

features.

Of the several moving-film cameras proposed,

designed or used for single-crystal studies, none

can approach the popularity and widespread use

enjoyed by the Weissenberg camera and the Buer-

ger Precession camera either in their original or in

some modified versions. The present article, ac-

cordingly, will be concerned with the designs and

theories of these cameras and their applications to

the diffraction studies of single crystals.

Weissenberg Camera. In the following dis-

cussion, diffraction phenomenon is considered by

utilizing the well-known concepts of the reciprocal

lattice. For diffraction to occur it is necessary that

the reciprocal lattice points intersect the reflec-

tion sphere, and in the Weissenberg camera, as in

the case of the simple rotating crystal arrange-

ment, this is brought about by rotating the crystal

around a rational crystallographic axis; however,

in order that no overlapping of the diffraction

spots occurs, the film is also made to translate

concurrent to the crystal rotation. Weissenberg, in

1924, was first to suggest a mechanical arrangement

for accomplishing this; a modern version of this

setup is shown schematically in Fig. lA and the

Nonius instrument (Delft, Netherlands) in Fig.

IB. Its essentials consist of a rotating crystal as-

sembly (A), a cylindrical camera (B), and a

slotted layer line screen (C) interposed between

the crystal and the camera. The crystal (D) is

mounted on a goniometer head (not illustrated)

which in turn is attached to the rotation axis. In

the usual position, the rotation axis is normal to

the (monochromatic) X-ray beam; however, ar-

rangements are provided which allow the axis to

be reset at any other angle in a plane containing

the incident beam and the rotation axis. A train

of worm and spur gears (F) couple the rotation

axis and the camera in such a manner that while

the crystal rotates through an angle w, the camera

translates through a predetermined distance x

parallel to the rotation axis. The limits of the

camera translation and the corresponding reversal

of the crystal rotation are activated by suitable

stops and microswitches (not illustrated).
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The general arrangement for recording the dif-

fraction intensities is as follows. The crystal is

mounted (or oriented after mounting) with the

chosen crystallographic axis parallel to the rota-

tion axis. Considering the reciprocal lattice in

terms of layers normal to the rotation axis, as the

crystal rotates, the layers intersect the reflection

sphere and diffraction occurs along the generators

of concentric cones as shown in Fig. 2. Only one

cone, however, is allowed to fall on the film at a

time. This is done simply by setting the layer line

screen at a position where its opening allows only

the desired diffraction cone to reach the film. Con-

sequently, all hkl reflections recorded on a single

film have one index in common.
As the crystal rotates, the camera goes through a

simultaneous translation and the diffraction spots

are spread over the film in a regular manner. In

order to develop the manner in which this distribu-

tion occurs, consider Fig. 3, which shows the cross

sections of the reflection sphere and the film and a

central reciprocal lattice row AB in the zero level.

As the crystal rotates through an angle co, the re-

ciprocal lattice point B swings into the reflection

sphere and intersects it at the point B' . The direc-

tion of the diffracted ray is OB' , and it makes an
angle T with the incident beam direction. It

reaches the film at a distance y normal to the cen-

tral line of the film, the central line being defined

by the direct beam trace recorded during a full

camera translation. Since the camera translates

through a distance x corresponding to the crystal

rotation co, the diffracted beam, instead of being
recorded at C (Fig. 3), is recorded at C as shown
in Fig. 4. The position of the diffraction spot on
the film, therefore, is defined by two coordinates

X and y. The coordinate y is a function of the angle

T and the camera radius r/ ; from the geometry of

Fig. 3, this relation is

y k'T (1)

where k' = (27rr//360°) is a constant for a given

camera. The second coordinate x is proportional

to the rotation angle w alone:

X = k"<. (2)

Fig. 1A. Schematic principle of Weissenberj
camera.

where k" is another constant determined by the

coupling ratio of the film translation to the crystal

rotation. In order to facilitate the conversion of

X and y (measured on the film) to co and T, and for

convenience in comparing Weissenberg photo-
graphs made in different cameras, it is highly de-

sirable to have the two constants equal to each
other. Most commonly used value of these con-

stants is }4, mm/deg. This means that the radius

of the camera is 57.296 mm, and the film transla-

tion to the crystal rotation coupling ratio is 1 mm
to 2 degrees.

The distribution of the reflection spots on the

Weissenberg photograph can be best understood
by considering the manner in which a row of re-

ciprocal lattice is projected onto the film during
the coordinated motion of the crystal and the

camera. Consider first the case of a row passing
through the origin in the zero level (Fig. 3). This
has been used as an example so far. From the ge-

"5^

Fig. IB. Modern Weissenberg Camera (Nonius). {Courtesy Evershed-Enraf, Delft, Neth-
erlands)
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ometry of Fig. 3, it is easily shown that the angle

T and the angular rotation co associated with the

reciprocal lattice point B have the following re-

lationship.

T = 2w. (3)

Since T and w (by virtue of (1) and (2)) are the

film coordinates, (3) represents the equation of the

line through the reflection spots due to the central

reciprocal lattice row. This is a straight line with

a slope equal to 60° and appears on the film as

represented by the dashed lines in Fig. 4. In a simi-

lar manner, for a noncentral reciprocal lattice

row such as EF (Fig. 3), which is at a distance d

from the rotation axis, it can be shown that the

corresponding relation is

+ Cos"^ (Cos cji + d). (4)

This represents ^-shaped curves similar to the

ones shown in Fig. 5.

So far in the discussion of the zero level photo-

graphs, the incident beam has been taken normal

to the rotation axis. Turning now to the upper

levels, a distinction must be made between the

various schemes for photographing a general

ReicipkzccaL

REipLE-CTiOi^

R OTAT 1 o Kl

Fig. 2. Intersection with reflection sphere by ro-

tating reciprocal lattice layers.

RefLe-ctiom Sphere.

Fig. 3. Cross sections of reflection sphere, film,

and central reciprocal lattice row, AB, in zero

level.
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Fig. 4. Effect of translation of camera in Weis-
senberg method in recording diffracted beam at C
instead of C in Fig. 3.

Fig. 5. Location of diffracted beams on U-shaped
curves, for a non-central reciprocal lattice row at

a distance d from rotation axis.

n-level. These methods are conveniently distin-

guished according to the angles which the inci-

dent and the diffracted beam make with the rota-

tion axis. Let the normal to the rotation axis make
angles }x and v respectively with the incident and

the diffracted beam. One simple way to record a

general n-level is to set the angle m equal to zero;

and to isolate the n*^ diffraction cone from the

others, set the layer line screen at the position

>S„ = r^ tan u,, (5)

where &n is the screen opening to the crystal dis-

tance, measured parallel to the rotation axis, and

Ts is the radius of the screen.

This scheme, illustrated in Fig. 6, is the so-called

Normal Beam Arrangement. In photographing the

zero level, this method is generally used

(m = Sn = 0);

however, because of certain disadvantages, its

use in upper level photography is less common.
These come about as follows. Since the origins of

the upper layers are not situated on the reflection

circle, certain sections of the reciprocal lattice

(shaded region in Fig. 6) never intersect it; con-

sequently, reflections corresponding to these sec-
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tions cannot be recorded. Furthermore, there is no

simple relationship between the distributions of

the reflection spots on the film from one layer to

the other; this hinders in establishing a common
procedure for indexing and in visually comparing
photographs of several layers.

One way of overcoming these difficulties is to

put the origin of the n*'^ layer on the reflection

sphere by tilting the rotation axis such that its

normal is set at an angle n = —vn with respect to

the incident beam. Here Vn has the same meaning
as before, and it is related to fn , the height of the

n^^ layer (see Fig. 7) as follows:

Sin-i (^^/2), (6)

The layer line screen is set as before to isolate the

desired layer. This scheme, illustrated in Fig. 7,

is known as the Equi-Inclination Arrangement
and is used widely for photographing upper levels.

As may be seen in Fig. 7, the tilting of the rotation

axis has the effect of shifting the origin of the n*^

layer onto the circumference of its corresponding

reflection circle. Consequently, in this arrange-

ment there is no blind region near the origin. An-
other very desirable feature of this method is that

it allows a similar distribution of the reflection

spots on the film for all layers. If Rn is the radius

of the n*^ reflection circle, it can be shown that the

T and co relationship in equi-inclination arrange-

ment is

7 = CO ± ("-" + !:)
(7)

where d has the same meaning as before. This
represents U-shaped curves (Fig. 5) and, as dis-

cussed later, these curves have similar shapes for

all layers. Photographs of various layers, includ-

ing the zero layer, can, therefore, be directly com-
pared and indexed in a simple and straightforward

manner. It is also evident that a special case of (7)

is (4) where Ro = I.

LAVE.R Lime.

SCRECKI

X-RAY

ReruECTioM 5phe.r.e.

Fig. 7. Equi-inclination Weissenberg method ar-

rangement.

Reflcctiom Sphere.

Fig. 8. Flat Cone Weissenberg method arrange-

ment.

Another method of some importance for taking

upper level photographs is the so-called Flat Cone

Method. In this arrangement the value of n is so

chosen that the angle Vn for the desired n**^ level

becomes zero. This means that the n^'' diffraction

cone has a half apex angle of 90°. From the illus-

tration of this arrangement in Fig. 8, it can be

seen that the rotation axis is tilted until the n*^

level intersects the center of the reflection sphere

and the corresponding diffraction cone becomes
flat. The desired value of /x for accomplishing this

fjL
= Sin-i r. (8)

Fig. 6. Normal beam Weissenberg method ar-

rangement.

The chief advantage of this method, whose use is

not as common as the equi-inclination method, is

that, since the reciprocal lattice layers are re-

corded with their diffraction cones flat, the dif-

fracted beams striking the film are always normal

to it. The spots on the film are, therefore, sharp

and w^ell resolved and are susceptible to accurate

intensity measurements.
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Turning now to the interpretation of the Weis-
senberg photographs, as noted before, a common
procedure is used in indexing photographs of all

layers taken with the equi-inclination arrange-

ment. This is based on the fact that the equi-in-

clination setting puts the rotation axis on the cir-

cumference of the n*'^ reflection circle, which is

essential in producing reflection curves of similar

shape. These are U-shaped curves as described by
(7) and, for the purpose of indexing, are repro-

duced photographically in the form of a trans-

parent net. An illustration of this net, in which T
is plotted as a function of co for various d/Rn
values, is shown in Fig. 5. The interval between
two adjacent curves is determined by the chosen
increment in d/Rn ; and since the only variable

from one level to the other is Rn , it follows that al-

though the same set of curves applies to all levels,

any particular curve of the set has a different

meaning for each layer. In other words, the same
curve, depending upon the radius of the reflection

circle, represents different reciprocal lattice rows;

conversely, all reciprocal lattice rows with iden-

tical d/Rn value are represented b}^ the same curve

regardless of the layer to which they belong.

In practice the transparent templet is superim-
posed on the photograph with its bottom edge
lined up with the incident beam trace and its di-

agonal edge with a prominent straight line row of

diffraction spots. These spots, it ma}^ be recalled,

are due to central reciprocal lattice rows and, for

an n-layer film taken with the rotation about the

C axis of the crystal, have indices of the tj'pe

hon or okn. With the templet in this position,

curves are drawn through the other spots follow-

ing the curves of the templet. The templet is then
shifted parallel to its bottom edge until its di-

agonal edge lines up again with the second promi-
nent row of diffraction spots (indices okn or hon),

and curves are drawn as before. Since all spots

lying along a particular curve belong to a re-

ciprocal lattice row and have one index in common,
it follows that spots lying at the intersection of

two curves have two of their indices fixed. The
third index is already known from the level to

which the photograph corresponds.

In order to complete the measurements, the

interaxial angles must also be known. This is ob-

tained directl}' from the amount by which the

templet is shifted from one row of reflection spots

to the other {hon to okn or vice versa). With the

knowledge of the indices of the reflection spots and
the interaxial angle, the construction of the re-

ciprocal lattice layer is straightforward and needs

no elaboration. Photographs of other reciprocal

lattice layers such as nkl and hnl are taken with

a and b axis rotations respectively, and inter-

preted in the same manner as described above.

An additional feature of the Weissenberg camera
is that it can also be used for taking rotating crj's-

tal photographs. For this purpose, the camera is

set at its zero position and is held stationary by
disengaging it from the cr3'stal rotation mecha-
nism. The layer line screen is removed and the

crystal is rotated around the chosen axis. Before

taking Weissenberg photographs, it is a common
practice to take such rotation photographs. These
serve two purposes. In the first place, any mis-

alignment of the crA'stal axis and the rotation axis

can be checked and corrected for; and, secondly,

REFLecjiOM Sphelr-E.

Fig. 9A. Schematic principle of Buerger precession camera.
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the quantity ^n , for the various levels can be de-

duced. These values, it may be recalled, are subse-

quently used in computing the layer line screen

and equi -inclination angle settings.

Excellent treatments of the various aspects of

the Weissenberg camera, together with many
charts and tables for indexing purposes, are due

to Buerger;^ and for detailed accounts of this

subject, reference should be made to his work.

Buerger Precession Camera. The use of the

Weissenberg camera, as is evident from the last

section, clearly consists of two steps: (1) The re-

cording of the diffraction spots on the film corre-

sponding to a given reciprocal lattice layer, and

(2) reconstruction of the undistorted layer from

its collapsed record on the film. One of the main

advantages of the Buerger Precession Camera,

named after its originator, M. J. Buerger, ^ is that

it eliminates the necessity of the second step by

allowing to directly record the reciprocal lattice

without any distortion. The general principle in-

volved in its operation can be discussed by con-

sidering Fig. 9A, which shows the crystal, zero

layer of the reciprocal lattice, reflection sphere,

film and a beam of monochromatic X-rays. A
modern instrument (Nonius) is pictured in Fig.

9B. In order to allow the crystal to diffract ex-

tensively, it is only necessary that some sort of a

motion be given to it so that the reciprocal lattice

points intersect the reflection sphere. However, to

produce a symmetry true undistorted picture of

the reciprocal lattice, it is improtant that this mo-
tion have a special symmetry. Specifically, in the

precession camera the motion of the crystal is

such that the reciprocal lattice layer intersects

the refiection sphere equally in all radial directions

around its origin. This means that at any instant

of this so-called precession motion, diffraction

occurs along the generator of cones such as AOD
(Fig. 9) ; and during the full motion of the crystal,

a circular section ABC of the reciprocal lattice

gets the opportunity to intersect the reflection

sphere. A corresponding motion is also given to

the flat film so that it stays precisely parallel to

the reciprocal lattice layer and its distance from

the crystal stays constant at all times during the

motion. Under these conditions, the record on the

film is an undistorted representation of the re-

ciprocal lattice layer.

There are several mechanical arrangements

which can create a pure precession motion; how-

ever, in the commercial models of this camera
manufactured at present, an approximate preces-

sion motion is achieved by an arrangement shown
schematically in Fig. 10. The crystal and the

camera are mounted in universal joints on two
parallel axes. For simplicity the crystal is neg-

lected in Fig. 10, while a layer of its reciprocal

lattice and the film alone are shown. The universal

joints are connected bj^ the linking rods CD and

EF which couple the motion of the reciprocal

lattice layer and the film. Assuming that the two

planes are parallel to begin with, if the normal to

the film is made to incline an angle /x with the

X-ray beam, then both planes are inclined by the

x^--

FiG. 9B. Modern Buerger precession camera
(Nonius). (Courtesy Evershed-Enraf Deljt, Neth-
erlands)

same angle. With this setting the normal to the

film is made to take a precession or an orbital mo-
tion around the incident beam direction on the arc

shaped arm AB. This motion imparted at the point

A by means of the motor swings the reciprocal

lattice layer into the reflection sphere equally in

all radial directions around the origin. At any
instant of this motion the intersection of the layer

and the reflection sphere occurs along a circle;

consequently, as shown in Fig. 9, the instant-

record on the film also occurs along a circle. How-
ever, during the continuous precession motion,

these circles blend together to form a complete

record of the layer.

Because of the special coupled motion of the film

and the crystal as described above, any given

length on the film is directly proportional to the

corresponding length in the reciprocal lattice. For
example, the length OA in the zero layer and O'A'

in the film in Fig. 9 have the following relationship

:

O'A' F-OA (9)

where F, the distance between the crystal and the

film, is a scale constant. In the commercial models
of the precession camera, the value of F is six

centimeters.

Consider now the manner in which the upper
levels of the reciprocal lattice are recorded. In

Fig. 11, a general n-level is shown at a distance

nt* from the zero layer, where t* is the distance

between two adjacent layers. In order that the

same scale constant applies to the n-level photo-

graph, simple geometrical considerations show
that the film must be advanced toward the crj^stal

b}^ an amount

S' = F nt* (10)

from its zero level position. Except for this new
setting of the film, the procedure for recording an

upper level is identical to that of the zero level.

As the crystal goes through the precession mo-
tion, all reciprocal lattice layers within the range

of the reflection sphere intersect it simultaneously,

and the corresponding diffracted beams are re-
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corded on the same film. However, since the film

can be set correctly to record only one layer at a
time, the diffraction spots due to the other layers

only serve to obscure the information sought. As
in the Weissenberg case, a layer line screen inter-

posed between the film and the crystal serves to

isolate all but the desired layer (Fig. 11). Since at

any instant of the precession motion diffraction

from parallel layers occurs along the generators of

concentric cones, a flat film with an annular open-
ing attached rigidly to the crystal motion and posi-

tioned correctly will allow onh^ one cone to reach
the film at a time. From the geometry of Fig. 11,

it can be shown that this position of the screen to

isolate all but the n^^ layer is

S = r Cot Cos-i (Cos nt*) (11)

where S is the screen to crystal distance and r is

the radius of the circular opening in the screen.

It is apparent from the foregoing discussion

that before making a precession photograph, the
reciprocal lattice layer must first be adjusted so

that it is normal to the X-ray beam in the ^ =
setting; and second, if an upper level is to be pho-
tographed, the magnitude of the translation t*

must be known. Consider first the orientation of

the crystal. This can be done rather precisely in

the precession camera itself. Let OA, in Fig. 12,

represent the correct position of the layer normal
to the X-ray beam, and OB when it is misoriented
by an angle e. Upon setting the precession angle
at a value M on the arc-shaped arm (AB in Fig. 10),

the misoriented layer moves from position OB to

OB' where its normal makes an angle (fj. + e) with
the X-ray beam. The direction of the diffracted

beam is, therefore, DB' instead of DA'. This has
the effect of displacing the reflection region away
from the origin in the upper half of the reflection

sphere by an amount A'C, and a corresponding
amount toward the origin in the bottom half of

the reflection sphere. From the geometr}^ of Fig.

6, it can be shown that the displacement is given
by:

A'C = Sin2e

Cos (26 + m)

(12)

On the film, this displacement produces a propor-
tional shift of the margin of the recorded region in

a corresponding direction. Knowing the amount of

the shift from the film, angular error e can be de-

duced either graphicalh' or analytically from (12).

Note that an}- arbitrarj' misorientation can be

corrected for bj' resolving it in vertical and hori-

zontal directions. The displacements of the re-

corded region on the film are, accordingly, meas-
ured in these two directions and are corrected for

b}' adjusting, respectively, the dial axis (Fig. 10)

and the arcs of the goniometer head on which the

crystal is mounted.
The determination of t* can also be carried out

in the precession camera when this information is

not already available. For this purpose, what is

known as a cone-axis photograph is taken. This is

done simply by putting a film in the position where
normally the layer line screen is placed, and pre-

cessing the crystal at a small value of n. Diffrac-

tion cones for successive levels are intercepted by
this film and are recorded as concentric rings.

Knowing the radius, r„ , of the n^^ ring, and the

instrumental settings /x and S, the value of t* is

calculated from (11).

The interpretation of the precession photograph
is exceedingly' simple and straightforward. Since

it is a direct representation of a reciprocal lattice

layer, in most cases a mere inspection of the film

is sufficient to determine the sj^mmetry of the level

and the indices of the reflection spots. It is only

necessary to take the origin at the center of the

photograph (incident beam trace) and index the

Reciprocal
Lattice. Plakie

Fig. 10. Schematic principle of approximate precession motion in commercial models of

Buerger camera.
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reflection spots according to the lattice chosen to

describe them. Interaxial angles are directly meas-

ured on the film, since the precession photographs

are angle true. To determine the interplanar spac-

ings in any crystallographic direction, distance

between consecutive spots in the corresponding

direction is measured on the film; assuming that x

is this distance in the direction hkl, then the inter-

planar spacing is

dhki
X

(13)

where F and x are in the same units and X is the

wavelength of the incident beam.

To conclude the discussion of this very conveni-

ent method of recording diffraction intensities,

certain limitations of the precession camera must

be pointed out. In the first place, the area of the

reciprocal lattice that can be recorded is deter-

mined by the precession angle fj..
Since the maxi-

mum value of fjL in most commercial models is

limited to 30° due to instrumental difficulties, re-

cordable area of the reciprocal lattice is also lim-

ited. Note that this limitation is less serious when
a shorter wavelength (Mo Ka or Ag Ka) is used

or the crystal under examination has a large unit

cell. Another limitation of the precession camera

is that in photographing upper levels, a certain

section near the origin never intersects the reflec-

tion sphere (see Fig. 11) and, therefore, is not re-

corded. It has been shown, ^ however, that by
changing the setting of the crystal on the outer

dial, the missing sections can be recovered without

remounting the crystal.

For detailed discussions on general aspects of

the precession camera, reference should be made
to a monograph on this subject by Buerger. ^ In

addition, certain special aspects, including charts

and tables for instrumental settings in the preces-

Reflelct

Fig. 12. Use of precession camera in testing cor-

rect orientation of crystal (OA correct position of

layer normal to x-ray beam; OB misoriented by
angle E).

sion camera, have been treated by Fisher, ^~«

Buerger'^ and others.
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REFLtCTlOW

Fig. 11. Schematic principle of recording a gen-

eral n-level in the precession method.

MULTIPLIER PHOTOTUBES. See Detectors of Radiation.

MUSCOVITE. See Layer-Lattice Silicate Structures.

MUTATIONS AND EVOLUTION

Mutations Are Intraspecific Events. It is gen-

erally admitted that no gene configuration is ab-

solutely fixed. Now our attention will be focused

upon the gene changes from one form to another

either spontaneous or induced which are called

mutations. Spontaneous mutations are very rare

phenomena, but mutation frequency can be highly

increased experimentally. This was first shown by

H. J. Muller (1927) using X-rays. Careful studies

have proved that the same is true of all ionizing

radiations and of several chemicals.

Recent genetic work has confirmed the great

importance of MuUer's discovery in both classical
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and biochemical genetics. Mutations induced bj"

radiation in amounts to one's liking are quite simi-

lar to spontaneous gene changes. Thus, radiation

experiments provide vast possibilities (a) of in-

ducing and checking on all kinds of different mu-
tations occurring in plant and animal species and
(b) of extended biochemical studies of mutants.

Now it should be pointed out that there are

characteristic ''substances of hfe": nucleic acids

and proteins. No organisms have even been found
lacking these substances. As chemical analysis

shows there are differences in deoxyribonucleic

acids (DNA) from different species. Chargaff

(1955) points out that DNA from different plant

and animal sources are different chemical sub-

stances. DNA from different tissues or organs of

organisms belonging to the same species are simi-

lar in structure and are found in the same amount
in all cell nuclei which possess the normal set of

chromosomes. On the other hand cell nuclei from
different species contain different specific cjuanti-

ties of particular variants of DNA.
Again, there is no doubt that all proteins are

species-specific and that this specificity is based

upon distinct chemical as well as structural differ-

ences in proteins.

The chemical and biological properties and tlie

particular species-specific amounts in which the

"life substances" are regularly found in living or-

ganisms are undoubtedl.y inherited. In view of

these facts K. Landsteiner (1936) gave the idea of

a biochemical species concept, pointing out, "that

in living organisms as in the realm of crystals,

chemical differences parallel the variation in struc-

ture." There is good evidence indeed that by
chemical and serological means (analysis of a

given DNA, immunological experiments, etc.) it

will be possible to identify uncertain organisms
and to draw the line between related species. Sero-

logical protein reactions, for example, are sensitive

and specific enough to detect a particular protein

in amounts as small as hundredths of a milligram.

In bacteriology, again, immunological tests have
proved to be dependable as routine methods for

the identification of microorganisms. In the light

of these facts we should then, define a species as a

population of organisms, synthesizing the same
species-specific DNA and proteins in constant typi-

cal amounts and therefore resembhng each other

in most of their characteristics. The biochemical
species definition being essential and precise (to

some adequate degree) may settle satisfactorily

the controversy among taxonomists on the species

concept and insure by chemical and serological

means the real existence of the biological species,

which up to now seems doubtful to some biolo-

gists.

The next thing to remember is that no mutant
has ever been observed beyond the species limits.

Thus mutations appear to be typical intraspecific

events. This statement is of great importance and
we will try to explain it at molecular level, be-

cause statistical facts do not reveal natural laws
unless they are explained satisfactorily.

DNA-Structure, Genes and Species Specificity.

There is little or no doubt that DNA is the
hereditary material and that it carries the genetic

information passing from parents to offspring. The
structure of DNA proposed by Watson and Crick

and strengthened by recent experimental work
consists of two long pohmucleotide chains (phos-

phate-base-sugar groups) wound together in a

helix around a common axis. The genetic informa-
tion or the species-specific code depends on (a)

the base ratios which differ from one species to an-

other and (b) the specific base order along the

DNA macromolecule which seems to be different

not only in different species but in the different

kinds of DNA of the same species as well, underly-

ing in some way the so-called organ specificity of

proteins.

Genes occur hnked together in a linear fashion

and are complex units of function including hun-
dreds or thousands of nucleotide pairs. Genes
have some mutable sites whose size maj^ vary
from a few nucleotide pairs up to a hundred pairs

or even more. The genes provide the code for any
particular constituent of any organism, for its

amount, for beginning and time of its synthesis

(by "priming" and "controlling" elements), etc.

Thus genes are coding agents for the S3^nthesis of

species-specific DNA as well as for specific pro-

teins.

Considering the protein synthesis, the hypothesis

one gene-one protein (one enzj'me, i.e., active pro-

tein or inert molecule) is well supported. The
species specificity of proteins is based upon the

species specificity of DNA and therefore depends
on the particular base ratio and base order as well.

Base ratios and especially base orders of DNA
are supposed to influence indirectlj'' by specific

templates of ribonucleic acid (RNA) the amino
acid order of the protein polypeptide chains. As
regards the insulins from different animal sources,

their amino acid order has been found to be partly

similar. These results fit the hypothesis well, that

the base order of different species-specific genes
controlling the sjmthesis of similar enzjanes is in

some way similar as well. There is experimental
evidence, however, that all tj^pical differences of

proteins from different species are present in the

different insulins as well as in all other enzymes
from different sources. If this point is well under-

stood a great deal of speculations on processes of

evolution can be avoided.

The species-specific base ratios of DNA mole-
cules are unchangeable as there are no biochemi-
cal or genetic findings suggesting any alterations

of them. However, the base sequence in genes
happens to be partly altered either spontaneously
or by different agents and this disorder may be
reflected by changes in the amino acid order of

the controlled proteins. Recent studies on abnor-
mal human hemoglobins strongly support this con-

ception. Ingram (1956) demonstrated that in ab-

normal hemoglobins the normal glutaminic acid in

peptide no. 4 is missing. It is substituted by lysine

in hemoglobin S and by vahne in hemoglobin C.

Thus it seems very likely that abnormal hemo-
globins are altered gene products arising from al-

teration of normal base sequence in that area of

the DNA molecule (gene) which codes for the

structure of normal hemoglobins.

As the amounts in which proteins are synthe-



633 MUTATIONS AND EVOLUTION

sized can likewise change it is reasonable to as-

sume that quantity coding of proteins depends on

areas whose base order is changeable as well. Spe-

cies specificity of proteins, on the other hand,

being found to be a constant quahty, very likely

reflects in some way the base ratios of DNA.
Regarding the protein synthesis templates, dif-

ferent findings are consistent with the hypothesis

that no species can use foreign RNA. Thus phage

particles entering a cell are not able to initiate

the phage protein synthesis unless virus templates

are synthesized, i.e., a fraction of RNA differing

from that of the host. However, after starting the

specific protein synthesis, phages multiply very

quickly. During the period in which the host bac-

terium is producing DNA for a single daughter

cell each of the viruses entering the host is able

to make the full complement of polynucleotides

for hundreds of offspring. Evidently, data such as

these strongly support the conception of different

DNA varieties with regard to its macromolecular

physiology as well.

Mutations as Macromolecular Events. It is to

be noted that most of the properties of life sub-

stances we have considered are conclusions mainly

drawn from studies on lower organisms. Hence the

question may be asked whether the data found

among lower species can be generahzed. As a mat-

ter of fact, nothing is found in investigations of

higher forms which should contradict the conclu-

sions we have ciuoted here, whereas recent work

in genetics and biochemistry has highly strength-

ened the evidence for the basic unity of life proc-

esses and life substances as well.

Now it will be recalled that mutation is a

change of a gene from one existing form to a new

one. The new form can be either lethal and there-

fore noninheritable—or functional and inheritable.

There is experimental evidence that mutation is

based upon a definite structural change within a

molecule. The characteristics of this change are

those of a biochemical process (e.g., a temperature

relation existing).

Mutations in lower organisms may consist of

minute lesions in single nucleotides, for instance,

of a base order change in a single base pair. In

this case a purine is replaced by another purine

and a pyrimidine by another pyrimidine (transi-

tions). In higher organisms more drastic mecha-

nisms are admitted. There is evidence that in the

so-called transversions more than one base pair is

affected whereby purines may be partly replaced

by pyrimidines and vice versa. However, the DNA
structure seems to be strong enough to carry such

a lesion along for at least one cell division.

It is conceivable that additional mutation

mechanisms may be detected similar to those we
know. But we do not estimate it very Hkely that

new findings could emerge which would force a

revaluation of our present mutation concept.

Thus we should object to any postulated mecha-

nisms and consequences of mutations for which

experimental evidence is not available. From
available data, however, it may be concluded: (1)

Mutations being found to change only DNA base

order either in a single pair or in a few nucleo-

tides do not alter the species specificity of a given

DNA, i.e., mutations do not change the species-

specific base ratio and the total DNA per cell

which are constant and typical for each species.

(2) Thus no gene or point mutations are able to

initiate the synthesis of new RNA templates and

consequently of new species-specific proteins. The

same is true of all position effects and chromosome

rearrangements. (3) Since there is no new species

without new particular proteins, mutations cannot

give rise to new species.

There are at least mathematical as well as bio-

logical objections to the evolutionary hypothesis

that mutations provide the raw material of evolu-

tion. There are a great number of differences in

the different species-specific DNA macromolecules,

whereas every mutation is a single event and can

set only one change at a time. Thus a multitude

of mutations would be necessary in order to

change the complex specificity of DNA. However,

many simultaneous mutations on the same mole-

cule' are unlikely in the extreme, i.e., they are

practically impossible.

Postulating additional mutations and corre-

sponding additional changes in the proteins we

must face the diflticulty of explaining how such a

biochemical disharmony can be tolerated by living

organisms. Moreover, these organisms should be

viable enough and able to multiply normally in

order to give rise to new future species

!

This difficulty cannot be solved satisfactorily.

The only hving organisms of biochemical dis-

harmony so far known are the species hybrids

which do not multiply at all—or do not multiply

normally. Plant allopolyploidy, which seems to be

contrary to these findings, is a very rare phenome-

non in comparison with the normal uniform plant

species-specificity. The relative frequency of allo-

polyploidy in any random sample of plant popula-

tion being very low, this biological phenomenon

and its chemical and physiological conditions should

be considered random and nonsignificant for plant

and animal species. As a matter of fact, rare events

are estimated to be atypical and caused by random

functional inexactness, by 'Vacillations" or by de-

fects of some basic structures. Even in constantly

controlled industrial processes different unavoida-

ble occasional appearances of defective products

are the rule (W. Allen Wallis 1956). The protein-

synthesizing mechanism being known to work

"with great speed and efficiency," (Butler, 1959)

shows errors at the rate of one per cent. It will be

recalled in this connection that the genetic and

physiological conditions underlying the typical

number, one, of young at birth for the human spe-

cies do not prevent twin deliveries to occur at the

rate of about 10 per 1000 births. On account of

these facts we consider all rare biological phe-

nomena as allopolyploidy, interspecific hybridiza-

tion etc., random exceptions with no significance

for the normal behavior of living beings.

Evolution and Mutations. A current view is

that evolution is specialization, continuous trans-

formation, and development of higher species from

lower forms. The mechanisms of this transforma-

tion are, in the opinion of proponents of evolu-
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tion, mutations and natural selection, the muta-
tions being considered able to surpass species

limits (mutations as transspecific events). While
natural selection and intraspecific mutations have
been demonstrated in nature, the conception of

transspecific mutations is but a logical inference

of the Darwinism. Mutations as transspecific

events have neither been observed in nature nor
induced by any mutagens. Upon looking for an
explanation of this fact it has been found that the
mutabihty of DNA is not boundless but rather

inhibited by the species-specific structure of the

macromolecule, the latter being able to undergo
only slight structural changes within species hmits.

To sum up : mutations must not he considered the

"raw material" of evolution. This essential biologi-

cal conclusion, however, is based undoubtedly
upon investigations, initiated by Muller's epoch-
making discovery of the mutagenicity of X-rays.

Past Events and Recent Investigations. In 1830
Ch. Lyell's book, "Principles of Geology," was
published. In this work we first meet a scientific

attempt to explain former changes "that have
taken place in the organic and inorganic kingdoms
of nature ... by reference to causes now in opera-
tion." In Lyell's opinion there is no doubt that
"...the economy of Nature has been uniform,
and her laws are the only things that have resisted

the general movement." All natural things "have
been changed in all their parts; but the laws
which direct those changes, and the rule to which
they are subject, have remained invariablv the
same" (Playfair, 1802, quoted by Lyell)." The
methodological "key to the interpretation of some
mystery in the past" (Lyell) is the principle of
uniformity. As a matter of fact, historical geology
could not have developed a scientific record of
past natural events without favoring Lyell's prin-
ciple of uniformity, which has enabled this science
to offer an essential reconstruction of the geologi-
cal past. The meaning of this principle is that all

reconstructions of former natural changes should
be offered "within the hmits of analogy with re-
cent events" (Hooykaas, 1959).

It is illuminating that modern historical biology
too, should intend to provide a reconstruction of
former evolutionary changes within the hmits of
analogy with recent events and processes. How-
ever, in admitting the development of new species
from earlier forms by mutations which transcend
species limits; and in considering mutations, one
of the main mechanisms and "the raw^ material of
evolution" historical biology goes far beyond anal-
ogy with recent events! For according to the new
results which have forced a revaluation and an
exact conception of the mutation process, trans-
specific mutations are not assumed to exist in the
present.

The laws which direct all natural changes being
estimated to remain the same (Playfair), we would
seem to be justified in denying the vahdity of the
evolution hypothesis as did Lyell, rejecting "all

theories, which are restrained by no reference to
existing analogies, and in which a desire is mani-
fested to cut, rather than patiently to untie, the
Gordian knot."
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MUTATIONS INDUCED BY X-RAYS IN A MORNING
GLORY

The stud}^ of the effect of radiation on the fu-

ture generations of the morning glory has been
carried on for the past ten years. Several seeds

from a "store-bought" (Fig. 1) package were

placed on the front of a diffraction unit's window
and exposed to radiation for 30 seconds at 33 kv and
20 ma (probable dosage of the order of 10* roent-

gens). The irradiated seeds were planted behind

the Natural Resources Building on the campus of

the UniversitA' of Illinois while the author was a

student under the editor-in-chief, Prof. Clark, and
a chemist with the State Geological Survey there

in 1950. The flower that bloomed the first year,

1950, was just like the original flower grown as a

control. It had a red body with a white border.

The seeds from the first year w^ere planted the

next 3' ear, 1951. The flower that bloomed in 1951

was again just the same as the original flower.

The seeds from the second-j'ear plants were

planted the third year, 1952. The flower that

bloomed in 1952. the third generation progeny

from the radiated seed, had a red bodj^ but had
no white border (Fig. 2). The seeds from the third

3'ear were planted in the fourth j^ear, 1953. The
flower that bloomed in the fourth year, like that

of the third generation, had a red body and had
no white border. The control strain continued to

develop bordered flowers.

Fig. 1. The "store bought" package of seeds.
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(b)

(c)

Fig. 2. (a) the original flower with a white border, (b) the mutated flower without a white

border, (c) the mutated flower with a partial white border.

The experiment was discontinued in 1954 and

1955 but continued again in 1956. Seeds from each

previous year were planted the next year. All

flowers that bloomed after the third generation, in

the irradiated strain, had a red body without the

white border.

Pictures of the 1958 two-weeks-old and three-

weeks-old seedlings from both the original flower

and the mutated flower show that the seedhng

from the original flower has a perfect shape like

the normal seedling should, whereas the seedling

from the mutated flower has an imperfect shape

and is smaller than the seedling of the original

flower (Fig. 3).

In the summer of 1958, a flower was picked at

random from the vine of the original flower and

one from the vine of the mutated flower. Each
flower was placed in a glass of water. They were

placed side by side. Pictures were taken of the

flowers at the following times : half-hour, one hour,

one and one-half hours, and six hours from the

time, 6.00 a.m., the flowers were picked from the

vines. This same experiment was repeated in the

summer of 1961 with two flowers from the 1961

crop. The same results were obtained in 1961 as in

1958. The results are shown in Fig. 4. The mutated

flower without the white border wilted much faster

than the original flower with a white border.

Not every seed radiated can produce a mutation

like this one. Mutations may be produced only

with a correct dosage of radiation affecting a spe-

cific gene during a certain period of the seed Hfe.

The seeds for this experiment were radiated only

once, in 1950. The mutation of the flower did not

show up until the third generation. The radiation

must have changed at least one of the genes of this
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Fig. 3. The seedling on the left (top, two weeks old; bottom, three weeks old) is from the

original flower. The seedling on the right (top, two weeks old; bottom, three weeks old) is

from the mutated flower. The pictures show that the seedling from the mutated flower is

imperfect and is smaller than the seedling from the original flower.

morning glory. The change in genes eliminated

the white border of the flower and also made it

less resistant to wilt after picking, as can be seen

in the pictures. When the radiation causes a gene

to change, the modified gene persists through suc-

ceeding generations to control the mutation.

Additional interesting results of the experiment

were obtained in the summer of 1962. This part of

the experiment was started in 1959. In that year,

the seeds of the 1958 crop from the original and
mutated flowers were irradiated for two minutes

at 33 kv and 15 ma at the distance of seven inches

from the X-ray tube's window (probable dosage of

the order of 10^ roentgens). The seeds were notched

and soaked in the water overnight before exposure

to radiation. The eyes of the seeds were faced to-

ward the window; the seeds were planted soon

after the irradiation.

No change in the appearance of the flowers was
observed during the first generation in 1959, the

second generation in 1960, and the third generation

in 1961. But in the summer of 1962, the fourth
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Fig. 4. Flowers were picked at 6.00 A.M. Pictures reading up were taken at 6.30, 7.00, 7.30

A.M. and 12.00 noon. The series of pictures on the left are the 1958 crop, and the series on the

right are the 1961 crop. Both series show the same result. The mutated flower without the

white border wilted much faster than the original flower with the white border.

generation of the irradiated original flower seeds

of 1959 had produced a flower with a red body and

a partial white border as shown in Fig. 2. In this

fourth generation, some vines produced only one

kind of flower, the one with a partial white border,

and some vines produced both the white-border

flowers and the partial white-border flowers.

To test how well the mutated flowers of the

1962 crop resisted wilting, a flower was picked at

random from the following vines at 6 a.m.: (1) the

original flower with a white border, (2) the mu-
tated flower without a white border, and (3) the

mutated flower with a partial white border. Each
flower was placed in a glass of water. Pictures of

the flowers were taken at the following times : two

hours, four hours, six hours, and eight hours from

the time, 6 a.m. The result shows that all the

three flowers can stand the wilting equally well

as shown in Fig. 5.

The forebears of the 1962 mutated flower with-

out the white border, have little resistance to wilt,

as shown in Fig. 4. The mutated flower of the 1962

crop has a better resistance to wilt, as shown in

Fig. 5. The second dosage of radiation to which

this flower's forebear seeds were exposed in 1959

may have caused it to have a better resistance to

wilt.

The mutated flower without a white border and
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Fig. 5. Flowers of the 1962 crop were picked at

6 A.M. Pictures (from bottom to top) were taken
2, 4, 6, and 8 hours from 6 A.M. Left, the mutated
flower with a partial white border. Center, the mu-
tated flower without a white border. Right, the
original flower with a white border.

i'^v

Fig. 6. The two new morning glories were named
after the King and Queen of Belgium, (a) Queen
Fabiola; (b) King Baudouin.

the mutated flower with a partial white border of

the 1962 crop are new flowers, created by radia-

tion. To show our appreciation to the Belgian

people who are our hosts for the 16th International

Horticultural Congress, it is an honor to name the

two new morning glories after the King and Queen
of Belgium. The flower without a white border is

''King Baudouin," and the flower with a partial

white border is ''Queen Fabiola" (Fig. 6).

Tix Boo Yee

MUTATIONS IN PLANTS. See Plants: Effects of X-Rays and
Gamma Rays.

MYLAR. See Orientation Distribution of Crystallites in Poly-

ethylene Terephthalate.

MYOGLOBIN AND HEMOGLOBIN STRUCTURAL RE-

SEARCH AWARDS TO KENDREW AND PERUTZ OF

THE 1962 NOBEL PRIZE IN CHEMISTRY*

John C. Kendrew and Max F. Perutz of the

Medical Council Research Unit of Cambridge
University, England, have been jointly awarded

the Nobel prize in chemistry for work which led

to a knowledge of the atomic arrangement in two

very important proteins, myoglobin and hemo-
globin. It is extremely gratifying to those of us

who work in the field of structural analysis by the

method of X-ray diffraction that this great honor

was bestowed on these two outstanding members
of our fraternity.

The atomic architecture of protein molecules

must be known if we are to understand the chem-

istry of life processes, since all known enzymes

—

* From Science, 138, 668 (Nov. 9, 1962) by per-

mission.
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the catalysts which control the intricate systems

of chemical reactions which take place in

living systems—are proteins. Proteins are also im-

portant constituents of most living matter ; in par-

ticular, the properties of hair, skin, tendon, and

muscle of animals derive their valuable qualities

from their high protein content.

It has been known for more than half a century

that proteins are substances of large molecular

weight formed by joining certain alpha-amino-

carboxyhc acids together into long chains with the

loss of one water molecule for the formation of

each joint. Such molecules are called polypeptides.

The chemical structure of such a chain can be

easily written down; it consists of amide groups

joined by carbon atoms each linked to one hy-

drogen atom and one other simple chemical radi-

cal (R-group). The R-groups found in proteins are

only about 20 in number but range from acidic,

through hydrophobic, to basic.

It is thus possible for a protein chain to exhibit

a tremendous variety of chemical properties—just

the variety needed to provide the vast number of

different qualities found among the various com-

ponents of living systems. Knowledge of this chem-

ical structure had not, as it turned out, provided

an explanation of the properties that proteins ac-

tually display. Something more was needed:

knowledge of the geometrical relationships be-

tween the atoms making up these chains.

The atomic geometry of thousands of simpler

substances has been discovered by applying the

methods of X-ray diffraction to crystals. When-
ever a substance can be crystalhzed, it is possible,

in principle, to find out exactly how the atoms in

it are related. Beginning with Max von Laue's

discovery of X-ray diffraction in 1912, and its

immediate apphcation by W. H. and W. L. Bragg

to the structures of salts and minerals in the years

immediately following, the theoretical and experi-

mental methods of X-ray crystallography had

developed by about 1940 to a point where it was
possible to foresee the elucidation of a molecular

structure consisting of thousands of atoms, pro-

vided that this was a molecule of a substance that

could be crystallized.

Simple structures can be worked out by a trial-

and-error process: an atomic arrangement is pro-

posed, its diffraction pattern is computed, and this

is compared with the pattern found experimen-

tally. Such methods are hopelessly inadequate for

attacking a structure composed of even a hundred

atoms per molecule, let alone that of a protein

molecule containing at least several hundred, and

usually several thousand, atoms.

New and more objective ways of finding struc-

tures were discovered during the 1930's and 1940's;

these involved using relationships among the in-

tensities of the various x-ray beams diffracted by
a crystal, or finding the position of a very heavy
atom in the structure and using this knowledge,

together with the known intensities, to find the

positions of the hghter atoms. Both these methods
had been fairly successful, but they had only been
applied to centrosymmetric crystals, in which half

of the structure is a reflection, through a point, of

the other half. It was not known how to use these

methods on optically active substances, which, by

their nature, cannot crystallize in this way. Yet

almost all biologically important substances, in-

cluding protein, are optically active

!

In the late 1940's, Perutz started to study the

X-ray diffraction patterns produced by crystalline

hemoglobin, which is the oxygen carrier in blood.

He was working in the Cavendish Laboratory of

Cambridge University with the active cooperation

and encouragement of Sir W. L. Bragg, then

Cavendish professor of physics. Soon Kendrew

joined the same laboratory and began to make

similar studies on myoglobin. It is fair to say that

none of them knew at that time just how to

discover the positions of the atoms in these com-

plex structures.

Hemoglobin has a molecular weight of about

65,000, and each molecule contains about 6000

atoms effective in scattering X-rays (hydrogen

atoms do not scatter X-rays efficiently enough to

be considered); myoglobin, the protein which

stores oxygen in muscle, with a molecular weight

of about 17,000, contains about 1200 effective

atoms.
Kendrew and Perutz set about the task of re-

cording on photographic film the X-ray diffrac-

tion patterns of these proteins and also worked on

the problem of using these patterns to find the

respective structures. Perutz soon discovered that

heavy atoms could be introduced into protein

crystals without affecting the atomic arrangements

in the protein molecules. Then came the break:

the way to use the heavy-atom positions in find-

ing the structures of crystals without centers of in-

version was discovered by Bokhoven, Schoone, and

Bijvoet at the University of Utrecht in the Nether-

lands.

Now came the hard work—the collection of

X-ray intensity data from many crystals, each

with a different arrangement of heavy atoms. Both

workers decided to try at first to obtain a "low

resolution" image of their structures. Even so, it

was necessary to make many thousands of meas-

urements and perform much ingenious computa-

tion with high-speed data-processing machinery. At

last, in 1958, Kendrew announced an image, at 6A
resolution, of the structure of the myoglobin mole-

cule. It was a twisted, wormhke object of such a

character as to suggest that the alpha helix ar-

rangement of the polypeptide chain of the pro-

tein, proposed in 1951 by Pauling, Corey and

Branson of the Cahfornia Institute of Technology,

might be the guiding structural principle. This

alpha helix is a spiral arrangement of the protein

chain in which each peptide link (amide group) is

connected by hydrogen bonds with two other ones,

three joints removed along the chain in each di-

rection.

Kendrew at once set out to do the laborious

work of finding the structure of myoglobin at a

resolution of 2A. At the same time Perutz con-

tinued to work for a 6A resolution image of the

larger, and therefore less tractable, molecule of

hemoglobin. The successful conclusion of both

these programs was announced in 1960.
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A remarkable phenomenon immediately

emerged: the molecule of hemoglobin is com-

posed of four subunits each of which is very simi-

lar in structure to a single molecule of myoglobin.

Another spectacular result was the bringing to

light of the true alpha helix structure ; this showed

up clearly in the 2A-resolution image of myo-
globin, in which the atomic arrangement of the

helix occurred in several places. In addition, by
using the "anomalous dispersion" effect of the

iron atoms in these proteins, it w^as definitely

proved that the alpha helix is a right handed

screw composed of the l type of amino acid

residues. All the results obtained for myoglobin

are described in a beautifully wTitten and illus-

trated article by Kendrew in the Scientific Ameri-

can for December 1961 (pp. 96-110).

This work is continuing at Cambridge. Kendrew
is working toward obtaining an image of the myo-
globin molecule at a resolution of 1.5A, in which it

is expected that most of the atoms heavier than hy-

drogen will appear clearly enough to be located.

This will make possible a complete statement of the

atomic arrangement in a protein—the goal toward
which the research was directed some 15 vear: ago!

Perutz is making a similar but more laborious ef-

fort; he is working toward obtaining an image of

hemoglobin at a resolution of 2A.

During all this long period these two men and

their j'ounger colleagues worked closeh^ together

in the small quarters of the Medical Council Re-

search Unit at Cambridge, receiving frequent en-

couragement and cooperation from Sir Lawrence

Bragg.

One of the results of this prolonged research

effort has been the appearance of a group of en-

thusiastic 3'ounger workers in protein structure.

They are now spreading across the world to take

up research positions in various laboratories. We
can therefore expect to see, during the next few

years, the appearance of a number of detailed de-

scriptions of the structures of proteins, and this

will go far toward providing us all with the basic

knowledge reciuired for understanding the proc-

esses of life. For this expected benefit, as well as

for the determined work which resulted in such

beautifully defined knowledge of the structure of

proteins, we must all be grateful to Kendrew and
Perutz and rejoice wholeheartedly in the honor

the}' have achieved.

D.AViD Harker
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NERVES, X-RAY EFFECTS ON BIOELECTRIC ACTIVITY

For many years it was thought that the nervous

system was quite insensitive to ionizing radiation.

This view was based to a great extent on the ob-

servation that, despite rather large doses of radia-

tion, the nervous system continued to function.

Much the same could be said for the functioning

of isolated nerves subjected to X-irradiation. In

recent years, however, greater attention to many
of the subtleties of nerve responses has shown that

the nervous system does respond quite readily to

ionizing radiation. It is true, however, that rather

massive doses are required to block the activity

of nervous tissue.

Current interest in the effects of ionizing radia-

tion on the nervous system is manifest in the two

international symposia on this subject, held within

a year of each other, one in Chicago and one in

Vienna. The papers presented at these symposia

have been pubhshed,'' ^ the two volumes having

appeared almost simultaneously. The number of

pertinent references in this field has increased to

the point that no attempt to review the Hterature

will be made here. The many references contained

in these two volumes constitute an excellent sur-

vey of the literature, conveniently broken down
into categories and into specific topics of research.

The Chicago symposium considered a greater

number of aspects of radiation damage, including

histopathological and psychological effects, as well

as physiological effects. The Vienna symposium
probed more deeply into physiological effects. A
general conclusion of both symposia might well

be that there is no aspect of the nervous system

that will remain undamaged by ionizing radiation.

The purpose of the present paper is to call at-

tention to one aspect of the effect of X-rays on

the functioning of nerves, which, although rarely

seen in most biological responses to X-rays, is,

however, not unknown. It is the abihty of X-rays

to enhance the electrophysiological activity of

nerves; this ability of X-rays to enhance the ac-

tivity of nerves before destroying their activity

was completely unexpected. No adequate explana-

tion for the phenomenon can be given at present.

It must suffice to point out some of its salient fea-

tures. For a more complete treatment, the reader

is referred to articles in the references^' ^ by this

author.

It is possible to record the bioelectric activity of

nerves by placing them in contact with inert elec-

trodes such as platinum, in a suitable environment
which provides oxygen and nutrients in a physio-

logical saline solution. Nerve impulses, initiated

by electrical shocks applied through stimulating

electrodes, pass along the nerve fibers and can be

recorded at any position along the nerve trunk.

Several types of recording chambers were con-

structed and tested, utilizing the general principle

of lowering the nerve into a physiological saline

solution when recordings were not being made and

raising the nerve into a layer of oil, floating on

the saHne solution, when recordings were being

made. This technique, a standard procedure among

physiologists, failed to give highly reproducible

results; it was abandoned, therefore, in favor of

a type of recording chamber shown in Fig. lA and

IB. This chamber kept the nerve cord moist with

oxygenated physiological saline solution and eHmi-

nated the necessity of moving the nerve before,

during, or after irradiation, once it had been ad-

justed on the platinum electrodes. (It was, in fact,

due to this feature of utihzing the chamber to re-

cord during irradiation that the enhancement from

X-irradiation was first observed.) The solution was

oxygenated by means of fine fritted-glass gas-dis-

persion disks, through which pure oxygen was

forced. Breaking of the bubbles of oxygen through

the surface of the solution carried minute droplets

of the solution to the nerve cord. The rate of

bubbling determined the degree of wetting of the

nerve. In some cases the oxygen was passed through

a tall cylinder of water in order to introduce mois-

ture into it before it was bubbled through the so-

lution in the recording chamber, but this was not

necessary if the fritted-glass disks were sufficiently

fine. Shorting out between electrodes was pre-

vented by covering with silicone all the inner parts

of the electrode assembly with the exception of

the exposed platinum hooks on which the nerve

was placed. The x-ray beam was directed hori-

zontally at the nerve and the solution w^as com-

pletely shielded against x-irradiation. The termi-

nals fastened to the supporting baseboard

permitted multiple choices for applying stimuli

to the nerve, without disturbing the preparation.

Standard electrophysiological procedures were

followed in recording the responses of the nerves.

Quantitative values were subsequently obtained

from photographic reproductions of oscillographic

traces, projected for accuracy of measurement and

analysis.

Observations were made on nerves of the white

rat, of the earthworm, and of the lobster. All

showed essentially the same phenomenon, indi-

cating that this was not due to any pecuharity of

a particular animal and suggesting that it is prob-

ably a property of nerve cells as such. Irradiation

has been carried out in a number of conditions,

including an in vivo preparation in which elec-

trodes were applied to the exposed nerve in the

intact animal. This will not be reported here. For

641
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Fig. 1A. External view of nerve chamber used in

recording of nerve impulses during X-irradiation.

Single nerve trunks were placed on electrodes inside

the chamber. Multiple choices were available for

stimulating or recording along the nerve by utiliza-

tion of various banana-plug jacks. Perpendicular
shield of copper was grounded in order to isolate

electrostatic fields of stimulating connections from
recording connections.

Fig. IB. Inner detail of platinum recording elec-

trodes mounted in Plexiglas block and permanently
fastened to cover, which fits over chamber shown
in Fig. lA. Location of electrodes permits recording

from nerves longer than the chamber.

details, see the article by this author in reference

1.

Irradiation was begun only after a period of

stabihzation during which the output of the nerve

was shown to be constant for a period of time ex-

ceeding that of the period of irradiation. Most of

this period of stabilization is not shown in the

accompanying figures (Figs. 2 and 3), since the

nerves were sufficiently stable after the initial

adjustment on the platinum electrodes that the

curves would appear as straight lines at the value

of 1.0, with little deviation for periods well over

one hour. The values on the ordinates of these

figures, designated A/Ao , represent the ratio of the

activity, A, at a given time, to the activity, Ao , at

zero time. The activity at zero time was the ac-

tivity at the beginning of irradiation. The ab-

scissae are given in minutes, from which the dose

can be calculated from the dose rate, 6000 r/min.

The plotted values were calculated by determining

the average time at which the responses reached

their maximum value as well as various fractions

of the maximum value. The abscissae, therefore,

represent mean time values for definite relative

activities, which are plotted on the ordinate.

Spike amphtude is the voltage change recorded

between a pair of electrodes on the nerve as the

nerve impulse passes the electrodes. Conduction
velocity is the speed with which the nerve im-

pulse passes along the nerve fiber; it is deter-

mined from pairs of electrodes making contact

with the nerve at positions sufficiently separated

that an accurate determination of conduction ve-

locity can be made. Sensitivity here connotes the

responsiveness of the nerve to electrical stimula-

tion. As the sensitivity of the nerve decreases, the

magnitude of the electrical stimulating shock must
be increased. Eventually, under irradiation, the

nerve becomes so insensitive that no response can

be elicited no matter how great the stimulus. This

is indicated as axonal block.

An immediate effect of x-irradiation on electro-

physiological responses is evident in Fig. 2. An
enhancement of activit}', attributable to x-irradia-

tion, precedes the suppression of activity. The
curves in Fig. 2 show three degrees of enhance-

ment of activity, spike amphtude showing the

greatest and conduction velocity the least. Not
only are there different degrees of enhancement
for the various factors considered, but the peak
of enhancement manifests itself at different times

for the various factors; during most of the period

of increasing spike amplitude, conduction velocity
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Fig. 2. Effect of X-rays on bioelectric responses

of rat caudal nerves irradiated in chamber shown
in Fig. lA and IB. Mean relative activities are

plotted as a function of time of X-irradiation. Dose
rate: 6 kr/min.
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is decreasing, with sensitivity occupying a mid-

position. The results in Fig. 2 are based on experi-

ments involving 25 preparations.

Fig. 3 shows values obtained from responses of

a typical nerve which, after a period of stabiliza-

tion, was irradiated until a definite increase in

spike amphtude was noted. The x-ray beam was

then turned off, and the response of the nerve was

followed with only intermittent stimulation for

a period of 5 hours. The graph shows the follow-

ing pattern: Spike amplitude continued to in-

crease because it was in the rising phase of en-

hancement due to x-irradiation ; sensitivity and

conduction velocity continued to decrease because

they were in the falling phase, having passed the

peak of enhancement. If the peak of enhance-

ment had already been reached for spike ampli-

tude and if deterioration had already set

in, cessation of irradiation would not have

caused any further rise; the deterioration would

merely have proceeded at a slower rate. Spike am-
plitude and sensitivity show this lattar pattern; in

both cases the peak of enhancement due to x-ir-

radiation had already passed, and the deteriora-

tion had already set in. Cessation of irradiation

had the effect of slowing down this deterioration.

This type of experiment shows that concomitant

bombardment with x-rays is not necessary for the

expression of enhancement of activity.

Some speculation on the mechanism of enhance-

ment of activity preceding destruction of activity

by x-rays has centered around the possibility that
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Fig. 3. Typical response of a nerve to a limited

period of X-irradiation. X-ray beam was turiied

off at a time when spike amplitude was increasing

and sensitivity and conduction velocity were de-
creasing. Response of the nerve was followed for

five hours. Further explanation is given in text.

x-irradiation may increase the ionic permeability

of the membrane of the nerve fiber, which, in

turn, may increase the magnitude of the action

potential. Present experimentation, however, indi-

cates rather that metabolic activities of the nerve

fiber may be more intimately involved in the phe-

nomenon. The problem of unraveling the mecha-
nisms of action of x-rays on nerve activity is com-
plex and challenging, but it is hoped that

eventually the action of x-rays may contribute to

a better understanding of the functioning of the

nerves themselves, particularly in view of the fact

that the results of these experiments along a new
line of biological activity show that x-rays affect

different aspects of electrophysiological activity in

different ways. X-rays are, as it were, a probe that

can alter one phase of activity and leave another

phase much less affected.
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C. S. Bachofer

NEUTRON ACTIVATION ANALYSIS*

One of the most important applications of nu-

clear science is the use of induced radioactivation

as a means of chemical analysis. This art has come
to be known as activation analysis. It makes use of

nuclear reactions which result in radioactive

species of atoms, whose disintegration characteris-

tics are subsequently determined and used as a

basis for identifying the elements originally pres-

ent in the sample. The most commonly used pri-

mary particles, which cause the reactions, are

neutrons; however, gamma rays and charged par-

ticles, such as protons or deuterons, can also be

used.

The following properties of the induced radio-

activity are of value in identifying the nuclear

species:

a) the half life of the activitj^;

b) the type of radiation (beta or gamma, usu-

ally);

c) the energy spectrum of the radiation.

These properties in combination are often entirel}^

sufficient to identify the nuclear species. In other

instances it is necessary to use a combination of

chemical separation and activation analj^sis to

achieve an adequate degree of certainty, or suffi-

cient sensitivity.

* Abridged from C. W. Tittle, "Quantitative and

Quahtative Analysis through Neutron Activation,"

Nuclear-Chicago Technical Bulletin No. 10, Nu-
clear-Chicago Corporation, Skokie, Illinois, 1961,

by permission. The original work should be con-

sulted for consideration of nonuniform neutron flux

in the sample.
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Activation analysis supplements conventional

analytical techniques in valuable waj'-s, but it

may also afford analyses which would otherwise

be impossible or impractical. Some of its advan-
tages (each of which may apply in a particular

instance but not in others) include:

a) rapidity of analysis;

b) insensitivity to chemical form of element;

c) nondestructive nature of analysis;

d) high sensitivity if a large particle flux is

available;

e) availability of a signal for automatic record-

ing of results or automatic control of a proc-

ess;

f) equipment required may be relatively inex-

pensive.

The purpose of this article is to outline the

principles of activation analysis and show how it

may be applied in some interesting cases. It is

hoped that this discussion and these examples
will serve to point out other applications which
may afford analyses which were heretofore im-

practical or too costly.

Examples of Useful Keaclioiis. The most
widely used reactions in activation analysis are

those employing slow neutrons. These reactions

are chiefly of the radiative capture or (n, -, ) type.

The following are examples

:

29 s
F19 (n, p) 019 ^^^ pa + ^ + 7 (H)

Na" (n, 7) Na24

AP7 (n, 7) AF8 -

15 h

2.3 m

Mg^^ + /3 + 7

Mg28 + /3 -f 7

(A)

(B)

AP- (n, p) Mg2 AP- + /3 + 7 (I)

Si28 (n, p) APs ^£i^ gi28 + ^ + ^ (J)

The thresholds for the above reactions are 10.2

Mev, 4.0 Mev, 1.9 Mev, and 4.2 Mev respectively.

The (n, a) reaction ma^^ also produce usable
activities by fast neutron activation. Some exam-
ples are:

AP' (n, a) Xa24 -^^^ AIg2^ + ^ + 7 (K)

P^i (n, a) APs JAJ^ ^[28 + /3 + 7 (L)

CI" (n, a) F'* -JMl^ §34 + ^ + ^ (M)

AIn- (n, a) V'^^
-^-^

'"
> Cr^-' + /3 + 7 (N)

The thresholds for these reactions are 3.3 Mev, 2.0

Mev, 1.3 Mev, and 0.65 Mev respectively.

The (n, 2n) reaction is frequentl}' used for

analyses with fast neutrons. The thresholds for

this reaction generally range from about 10 to 15

mev. Examples are:

Ni^ (n, 2n) N^'^ -^^^ C^^ + ^^ (q)

Fi» (n, 2n) F^^
^^^"^

>
Qis + ^+ (p)

Cl'-^ (n, 2n) CP^ -^^^ S^4 + ^+ (Q)

V61 (n, 7) V'^2

In^i^ (n, 7) In^
54 111

^ Cr^2 + /3 + 7 (Cj

-> Sn"« + |3 + 7 (D)

2.7 d
Aui97 (n, 7) Aui98

'"'> Ugm -|- /3 + 7 (E)

-> Pb^"^ + /3 (F)TP03 (n, 7) TP

In the examples given, the product nuclei are

radioactive; their half lives are indicated over the

arrow (m = minutes, h = hours, d = days, y =
years). These nuclides are all negative beta emit-

ters, most of which emit gamma rays following

beta decay. The gamma rays which accompany
the neutron capture itself are prompt; that is, they
are emitted virtually instantaneously following

the capture of the neutron by the nucleus. On the

other hand, the gamma rays which follow the

radioactive disintegration of the product nucleus

are delayed, on the average, by the mean lifetime

of the radioactivity (the mean lifetime

T = T/ln 2 = T/0.693,

where T is the half life).

As a result of the recent development of high

neutron fluxes from relatively inexpensive charged
particle accelerators, activation with fast neutrons
is becoming increasingly important. Many el-

ements can be activated with fast neutrons by
means of the (n, p) reaction. For example.

0^6 (n, p) NI6
7.3 s

^ 016 + ^ -f 7 (G)

Fe^* (n, 2n) Fe^^ Mn-" + /3+ + 7 (R)

The thresholds for these reactions are 11.3 Mev,
11.0 Mev, 13.0 Mev, and 13.9 Mev respectively.

Many reactions lead to stable nuclei. Among
these is the slow neutron reaction,

Bio(n, a)Li', (S)

which is widely used in neutron counters and ioni-

zation chambers. An exception is

LiHn, a)H= (T)

which is a slow neutron reaction leading to radio-

Iwdrogen (tritium). The last two reactions can be

used as a basis for chemical analyses by detection

of alpha particles, but they do not strictly come
under the classification of activation analyses,

when so used.

Quantitative Relationships. The activity I

induced by neutron bombardment of a sample

increases as the bombardment continues, eventu-

ally approaching a saturation value which is given

the following equation:

Is. Naact4>, (1)

where N is the number of target atoms in the sam-

ple, o-act is the activation cross section in cm^ per

target atom, and^is the neutron flux in neutrons/

cm^ sec, assumed uniform throughout the sample.

The case where the flux is not uniform, as may oc-

cur with slow neutrons in a strongly absorbing

sample, is discussed in the reference from which
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this article is taken. For fast neutrons and moder-
ate size samples, absorption correction will usu-

ally be small. Eq. (1) gives the equilibrium activity

in disintegrations/sec for the particular activity

under consideration.

It is frequently impractical to carry the activa-

tion to saturation. In the present discussion, it

will be assumed that although a small fraction of

target atoms are being transformed into the radio-

active species, the number of target atoms can be

considered constant for purposes of analysis. This

will usually be an excellent approximation. Only
when both the absorption cross section and the

particle flux are extremely high will it fail to be

true. Under the assumption stated, the net rate of

production of radioactive atoms is

dt
iVo-act</> - N'/t, (2)

where N' is the number of radioactive atoms of

the particular species of interest at any time, t,

and r is the mean lifetime of the activity, which is

equal to the half life T divided by In 2. If iV' =
at i = 0, the solution to Eq. (2) is

N' = iV(r act<AT(l (3)

where e = 2.718 . . . , the base of the Naperian
logarithms. The quantity N' /t is the activity or

disintegration rate. It is given by

7 = N'/r = iVo-act<A(l - tir)
(4)

In Eqs. (l)-(4), the activation cross section

quoted is the isotopic cross section which is the
one usually tabulated, ^ and N is the number of

atoms in the target of the species which produces
the reaction concerned. Usually the element con-

sists of more than one isotope. In this case, it is

more convenient for purposes of chemical analysis

to replace the combination No-act by Nio-i , where
Ni is the number of atoms of the element concerned
and o"! is the isotopic cross section o-act times the
relative abundance of the target isotope. For in-

stance, if the relative abundance is 75 per cent and
the isotopic activation cross section is 4 barns

(1 barn = lO^^^cm^), the atomic activation cross

section o-j is

(71 = (0.75) (4) = 3 barns. (5)

The number of atoms of the element, Ni , is given

by

iVom
(6)

where A^'o is Avogardro's number (6.025 X lO^^

atoms per gram-atom), m is the mass of the ele-

ment in the sample in grams, and A is the atomic
weight.

Usually the radioactive sample will decay ap-
preciably while being counted. We shall use the
following terminology:

t = exposure or activation time;
t\ = time at beginning of count, measured from

end of exposure;

2

rt',T(curve2;;T= halflifej

Fig. 1. Buildup and decay curves for induced
radioactivity.

t2 = time at end of count, measured from end
of exposure.

If Co sat is the saturation counting rate at the

end of exposure, the counting rate at an}^ time
t', measured from end of exposure will be

C = Co sat (1 - e-^i^)i ), (7)

where the expression in parentheses is the satura-

tion factor contained in Eq. (3). The buildup of

activity during exposure and the decay following

exposure are illustrated in Fig. 1. The total num-
ber of counts Nc collected during the interval

(^1 , ^2) can be obtained by integrating Eq. (7)

with respect to t' between the limits ti and to :

Nc = Cc (1 )(e-tllr _ e-^2/r)_ (8)

Experimentally, the quantity determined will be

N c ; t, ti , and t^ will be measured and

r(= 7^/ln2 = 7^/0.693)

will be known from nuclear data tables^ or by
measurement; and Eq. (8) will be used to com-
pute Co sat • The relationship of Co sat to Is at of

Eq. (1) is as follows:

Co = Is.tEB (9)

where E is the overall counting efficiency, includ-

ing geometrical and counter efficiencies, and ab-
sorption of radiation in the sample, air, and
counter window. The quantity, B, is the branch-
ing ratio, which is the probability that the radio-

nuclide will decay by emission of the particular

particle (or particles) being detected.

In activation analysis, the quantitj^ sought is

the mass m of the unknown element. Combining
Eqs. (1), (6), and (9), and remembering that

Ni(Ti = iVo- act , we obtain

ACo

No(Tici>EB
(10)

where, from Eq. (8),
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Table 1. Amounts in Microgbams of Elements
Detectable by Thermal Neutron

Activation Analysis.

Flux = 10» n/cm2 sec

Bombardment = 1 hour

Element Amount Element Amount Element Amount

A 1 H V.p. Rb 10

Ag 1/10 Hf 1000 Re 1

Al 1 Hg 1/10 Rh 1/100

As 10 Ho 1 Ru 100

Au 1 I 1/10 s 10,000

B — In 1/100 Sb 10

Ba 10 Ir 1/100 Sc 1/100

Be v.p. K 100 Se 1

Bi 10,000 Kr 100 Si 100

Br 1 La 10 Sm 1

C v.p. Li — Sn 10

Ca v.p. Lu 1/10 Sr 10

Cd 100 Mg 10 Ta 100

Ce 1000 Mn 1/10 Tb 100

CI 10 Mo 10 Te 10

Co 1 N v.p. Ti 100

Cr 1000 Na 10 Tl 10

Cs 100 Nb 1 Tm 100

Cu 10 Nd 10 V 1/10

Dy 1/1000 Ni 100 W 10

Er 10 v.p. Xe 100

Eu 1/100 Os 100 Y 100

F 10 P 1000 Yl) 10

Fe v.p. Pb 10,000 Zn 100

Ga 1 Pd 10 Zr 1000

Gd 10 Pr 1

Ge 10 Pt 10

v.p. very poor detectability (worse than 10,000 micrograms).
— very short half life (virtually no induced radioactivity).

Co
Nc

•(1 - e-'i') ie-'i'^
tjr)

(11)

The above discussion shows that in order to de-

termine m from the basic nuclear data, the par-

ticle flux <j!) and the over-all counting efficiency E
must be known. In effect, the quantity ai(j>EB can

be determined by running samples of known com-
position, containing knowm amounts of the ele-

ment of interest in a matrix similar to that of the

unknown samples. It is not necessary for the chem-

ical form of the element to be the same in the

known and unknown samples. It is convenient to

regard A/No<ri<j>E as a single constant of propor-

tionality; we then see from Eq. (10) and Eq. (11)

that Co sat is proportional to m, the proportion-

ality constant K being determined by calibration

against the known samples:

KCo (12)

If the average neutron flux is different on the

known and unknown samples due to different

neutron attenuation, Eq. (12) must be multiplied

by the ratio of the two attenuation factors. If

the particle flux is not constant in time, as is fre-

quently the case with both reactors and accelera-

tors, the calibration run should be made simul-

taneously with that of the unknown. A known
sample so used is sometimes referred to as a flux

monitor.

Examples of Quantitative Analysis by Ra-
dioactivation. There is an extensive body of

literature describing the use of radioactivation

analysis for the determination of various chemical

elements. A good summary, complete through

1955, is given b}' Taylor and Havens .^ Table 1,

from the bulletin by Burrill and Gale,^ gives a good

idea of the potential sensitivity of thermal neu-

tron activation anah^sis for the various elements.

Onh' orders of magnitude are listed in the table; a

flux of 10^ thermal neutrons /cm^ sec and a 1-hour

bombardment were assumed.
Atchison and Beamer^ have made activation

analyses of the halogens using fast neutrons from

a charged particle accelerator. Their results illus-

trate the sensitivity and reproducibility of ther-

mal neutron activation analysis with a thermal

neutron flux of about 2 X W n/cm^ sec from a

2-Mev positive ion accelerator employing the

Be(d,n) reaction at 30 /xa of deuteron current.

The interested reader is referred to their work for

further details concerning the comparisons.

A rapid method of determination of silicon and

aluminum by fast neutron activation analysis has

been reported by Turner. ^ For details the reader

is referred to the papers of Turner and of Caldwell

and Mills. 6 The reactions used were reactions (H)

and (L) listed earlier. The neutrons had an energy

of 14 Mev and were produced by bombarding a

Zr-T target with 200 to 300 kev deuterons in a

charged particle accelerator. The samples were

counted in a well-type Nal(Tl) scintillation

counter with integral discriminator. The standard

deviation for eight silica samples ranging from

0.394 to 1.40 grams SiOe was 1.7 per cent. The
standard deviation for six alumina samples rang-

ing from 0.500 to 1.268 grams AUOs was 3.8 per cent,

somewhat larger than anticipated. Although these

analyses do not lead to high precision, the saving

in time effected is very considerable, as compared

to conventional chemical analytical methods. A
complete silicon analj'sis required about 7 minutes,

not counting the calibration run. Because of the

longer half life of the desired activity in the case of

aluminum (the 15-hour activity of Na^^), 10 sam-

ples were bombarded simultaneously in a rotating

sample holder for 1.5 hours. A flux monitor sam-

ple, consisting of 1.00 gram AI2O3 , was included

among the samples in each bombardment. A two-

hour delay after the end of bombardment, before

counting samples, allowed extraneous activities

to decay. The samples were counted for 10 min-

utes. For this work relatively low neutron fluxes

were used since there was no need for high sensi-

tivity.

A method for determining trace quantities of

oxygen in beryllium metal by fast neutron activa-

tion has been reported by Coleman^ of the United

Kingdom Atomic Energy Authority. Several other

laboratories are currently working on this prob-

lem. In the work reported by Coleman, a beryl-

lium sample was irradiated with 14 Mev neutrons
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to produce N^^ through the O^^ (n,p)Ni^ reaction.

The 7.3 second 13 activity of N^*' was measured with
a proportional counter and the activity compared
with a standard sample containing a known amount
of oxygen. Neutrons of 14 Mev kinetic energy were
produced by the T(d,n)He* reaction using a low
energy Cockroft Walton type accelerator. Because
of the short half life involved (7.3 seconds), it was
necessary to provide a transfer system to transport

the sample rapidly and automatically from the
irradiation site to the counter position. By this

means Coleman was able to detect as little as

0.001 per cent oxygen in beryllium. An alternate

method for counting the N^^ activity is to measure
the high energy gamma rays (6 and 7 Mev) which
result from deexcitation of the excited O^" nucleus.

There are practically no other radioisotopes which
produce gamma rays with energies as high as 6

Mev, and consequently, interfering activities from
other trace elements are very low. The 6 and 7 Mev
gamma radiation can be detected with reasonable
high efficiency using a 3 in. x 3 in. Nal(Tl) de-

tector.

Although the field of fast neutron activation is

not as completely developed as thermal activation,

there are many elements which can be analyzed
with 14 Mev neutrons that cannot be suitably ac-

tivated with thermal neutrons. For example, the
lower limit of detection of oxygen for a thermal
flux of 10'2 neutrons /cm2 sec appears to be about
0.1 per cent, as compared to 10 parts per million

for a fast (14 Mev) flux of about 10^ neutrons/cm^
sec.'' In addition to oxygen fast neutron activation
has been used to analyze for nitrogen, phosphorus,
fluorine, silicon, iron, and many other elements.
For some of these elements sensitivities of from
10-100 parts per million can be obtained.'^

Neutron Sources for Activation Analysis.
Nuclear reactors provide the most prolific source
of neutrons, and for this reason they have played
a major role in the development of analyses by
neutron activation. Thermal fluxes in reactors are

as high as lO^"^ n/cm^ sec. For some applications a
sufficient flux of thermal neutrons can be obtained
from charged particle accelerators by surrounding
the fast neutron producing target with a suitable

moderating material such as water or paraffin.

More elaborate moderators contain neutron multi-
plying materials such as lead or beryllium.
The use of fast neutron activation for quantita-

tive analyses has, in the past, been limited by the
lack of neutron sources capable of producing sensi-

tivities comparable to those obtainable from re-

actor fluxes. High energy charged particle acceler-

ators of the recently developed cascaded rectifier

type are capable of producing the necessary fast

fluxes. However, these machines are comparable
in cost to small reactors and require highly trained
personnel for operation and maintenance. Radio-
active sources (Po-Be, Ra-Be, etc.) are useful for

some applications but are not, in general, of suffi-

cient strength to provide sensitivities in the parts
per million range. The fast neutron output of a
Ra-Be source is about 1.5 X lO'^ neutrons /sec curie.

In the past few years, reliable low cost accelerators
have been developed which are capable of produc-

Table 2.

Type of Source

Acceler-
ating

Voltage
(Mev)

Fast Flux
(n/cm2 sec)

Thermal
Flux(n/
cm2 sec)

Up to 101^

>10«

Nuclear reactors —
Texas Nuclear
Cockroft-Walton 0.150 2 X 10'

type accelerator

Charged particle ac- 0.400 10^ lO^-lO^

celerator 2.00 ^lO^o lO^-lO"

Cascade rectifier ac- 0.500 2 X 10^ —lO^
celerator 2.00 ~10i2 iqio-IOh

Sealed tube accelera- 0.150 lO^-lO^ lO^-lO^

tor

Ra-Be source (1 curie) — -^10^ '^10^

ing yields of 14 Mev neutrons in excess of 10^°

neutrons/sec. These sources are relatively easy
to maintain and can, in fact, be used for routine
analyses.

Table 2 shows magnitudes of fast and thermal
fluxes available from various neutron sources. The
thermal fluxes given are estimates only, since they
will depend on the type of moderator used.

References to Useful Data for Activation
Analysis. Besides the basic data on neutron cross

sections in the work of Hughes and Schwartz, i°

a number of useful compilations concerning ac-

tivation analysis have been published.^- ^' ^' ^^- ^~-

13, 14, 15 j^ jg recommended that several general dis-

cussions also be studied by the interested

reader. 2- le. i7, is, i9, 20, 21

The Future of Activation Analysis. We con-

clude with a statement by Leddicottei^^ "Activa-
tion analysis can be applied to many diverse ma-
terials. It has certainly provided man}^ interesting

results not only as an independent method of

analysis but as a comparative method. Also, it

has provided information on ultrapure materials
that could not be obtained by any other analyti-

cal method .... Thus activation analysis has an
important place in analytical chemistry."
Acknowledgment. Appreciation is expressed

to Dr. J. T. Prud'homme for manuscript review
and helpful suggestions.
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NEUTRON RADIOACTIVATION ANALYSIS OF MINOR

ELEMENTS IN ULTRAPURE BERYLLIUM AND ITS

COMPOUNDS

The advances in the design of nuclear reactors

show that most nuclear reactors require high op-

erating temperatures. It is necessary, therefore,

for metallurgists and nuclear engineers to seek

out and use materials in a reactor that have not

only the requisite nuclear properties but also suit-

able physical properties. The choice of beryllium

metal as one of the reactor components, especially

as cladding for fuel elements, is unique in that it

has both useful physical and nuclear character-

istics. Martin^ has recently reported on these prop-

erties; his information is summarized in Table 1.

Since beryllium possesses singularly desirable

properties as a reactor material, extensive investi-

gations have been made of methods for producing

berylhum metal of high purity. As a consequence,

the analytical chemistry of berylhum and its com-

pounds has developed rapidly. It has now become

necessary to devise reliable and sensitive methods

for the determination of many elements that could

affect either the physical or nuclear properties of

beryllium.

One of these methods, neutron radioactivation

analysis,^' ^ gives excellent promise of becoming a

very specific and sensitive means for analyzing

beryllium and its compounds. The Nuclear Analy-

sis Group of the Analytical Chemistry Division at

Oak Ridge National Laboratory has investigated

the apphcability of neutron radioactivation analy-

sis for the determination of trace elements in

berylhum. Information pertaining to the results of

some of these investigations is given below.

The initial step in neutron radioactivation anal-

ysis consists of activating the sample to be ana-

lyzed by irradiating it with neutrons,"- ^ which may
be derived from a nuclear reactor, a neutron gen-

erator, or a small neutron source. The length of

time which the sample is irradiated depends on

the nuchde of interest, sample matrix, and the

sample size. For isotopes with half lives of a week

or less, an irradiation interval equal to one half

life of the radioelement of interest is usually suf-

ficient. There are essentially four nuclear reactions

that are of interest in most applications of neutron

radioactivation analysis, namely: the n,7; n,p;

n,a ; and n,2n reactions. The n,7 reaction, usually

referred to as neutron-capture or slow or thermal-

neutron reactions, has the lowest neutron-energy

threshold. Many of the stable isotopes of most of

the elements will react with slow neutrons to pro-

duce radionuclides of diverse half lives (micro-

seconds to 10® years). The activation cross sections

of the thermal neutron reactions also vary widely

(from millibarns to 10* barns). The n,p, n,a, and

n,2n neutron reactions usually occur with fewer

elements and at higher neutron energies. The ac-

tivation cross sections for these reactions are of

considerably less magnitude than the cross sections

of the n,7 reactions.

Some typical nuclear reactions of the four types

most important in nuclear activation analysis are

listed in Table 2.

Neutron Irradiation of Beryllium. Beryllium,

as Be^, reacts with neutrons in the following man-
ner:

Neutron Induced
Characteristics

Reac-
Barns

Radion-
uclidetion

h/2 Radiations, Mev

n, 7 9 mb Beio 2.5 X lO^y /3-: 0.557

7: None
n, p <1 mb Li^ 0.17 s r:-8

7: None
n,a <1 mb He« 0.82 s /r:3.5

7: None
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The radionuclides induced by these reactions indi-

cate that beryllium is an exceptionally good
matrix to work with as far as neutron radioactiva-

tion analysis is concerned. Since the half life of

Be^° is so long and the activation cross section is

so small, neghgible interferences would be experi-

enced from it. It is obvious also that the other

induced radionuclides, i.e., Li° and He*^, will not

cause an interference. Thus, the radioactivity of

any radionuclide induced into a sample of beryl-

lium or its compounds during a neutron irradiation

is a "fingerprint" for a stable element contaminant
in the sample matrix, which can be used to de-

termine the concentration of the stable element.

The Determination of Trace Elements in Be-
ryllium by Neutron Radioactivation. General,
A radioactivation analysis method consists of the

irradiation of a known amount of sample for some
time interval in a nuclear reactor after which the

sample is processed in some manner such as to

identify and measure the radioactivity of the ra-

dionuclide used to complete the trace element de-

termination.-' ^ A quantitative determination may
be made on an absolute basis by using published
data on the activation cross section and the radio-

nuclide's half life and information about the neu-
tron flux used to make the irradiation and the
efficiency of the radioactivity measurement de-
vice; however, a method in which comparator
samples containing known amounts of the ele-

ments to be determined are irradiated and proc-
essed simultaneously with the test samples is con-
sidered to be more rehable.

Several different facilities in the Graphite Re-
actor, the Low Intensity Test Reactor, and the
Research Reactor at Oak Ridge National Labora-
tory were used in this investigation on trace im-
purities in beryllium. Following the irradiation,

the radioactivity in the samples is either measured
directly or after the irradiated material has under-
gone a radiochemical processing. Gamma scintilla-

tion spectrometry, utihzing a 3-in. by 3-in. Nal
scintillation crystal and a pulse height analyzer,
was used to make measurements of the radioactiv-
ity of the radionuchdes considered in this investi-
gation.

Table 3 Hsts most of the trace elements that are
of interest in the analytical chemistry of beryl-

Table 1 . The Physical and Nuclear Properties
OF Beryllium (A Comparison with

Other Elements).

Nuclear
Properties

Element Atomic
Weight

Specific
Gravity

Melting
Point, °C

Boiling
Point, °C

Macroscopic
Neutron
Absorption
Cross sec-

tion (cm"i)

Be 9.02 1.85 1290 2770 0.00123
Mg 24.3 1.74 650 1110 0.00254
Zr 91.2 6.54 1852 3580 0.00765
Al 27.1 2.70 660 2060 0.013
Fe 55.8 7.87 1535 2740 0.2061
Cu 63.6 8.94 1063 2600 0.3025

Table 2. Examples of Neutron Reactions.

Approx-
imate
Number Radionu-

Type of

Reactions
of This
Type
Known

Typical Reactions
clide

Half
Life

n, 7 160 Na23 + n -> Na24 + y 15 h
Si3o + n -^ Si^i -f 7 2.6 h
F19 + n -^ F20 + 7 20 s

Ni64 + n -> Ni65 -f 7 2.6 h

n, p 78 Mg24 H- n -^ Na24 + p 15 h
Ni58 + n -> Co^8 + p 72 d

S32 + n -^ P32 + p 14.3 d

n,a 55 AP7 + n -> Na24 + « 15 h

C135 + n -^ P32 + a 14.3 d

n,2n 90 Na23 + n ->Na22 + 2n 2.58 y

Hum. All of these elements, except as noted, will

produce radionuclides of varying half lives when
irradiated in a neutron source. Typical limits of

measurements for irradiations in a neutron flux of

5 X 10^^ n/cmVsec (usually found in the Graphite

Reactor positions used for irradiation) are given.

Increased sensitivities can be obtained by use of

higher neutron flux areas in other reactors.

Specific Analyses. In this investigation into the

use of neutron radioactivation analysis for the de-

termination of trace elements in beryllium, radio-

nuclides for Cd, Ca, Mg, Mo, and Zn were not

observed. Analyses for Ba, Sr, Ni, Ti, and Pb were

not made. Radiochemical analysis methods were

used to obtain some of the data presented else-

where in this paper ; however, it was found expedi-

ent to use a multichannel gamma scintillation

spectrometer in nondestructive assay methods. The
procedure followed included the mounting of the

irradiated sample in a suitable manner upon the

crystal of the spectromieter and obtaining a gross

spectrum of the gamma radiation given off by the

sample. With a proper manipulation of the ''sub-

tract-logic" mode of the analyzer,* the visible

spectrum displayed on the oscilloscope of the

spectrometer was complemented, or inverted, in

the memory of the analyzer. Radiations from in-

terfering isotopes were subtracted from the gamma
radiations of the radionuclide being used for iden-

tification of the stable trace elements. Figures 1,

2 and 3 generally show how this "complement-
subtract" method has been used. Figure 1 is a gross

spectrum of a beryllium sample for Sc analysis.

The two peaks of Sc'*' (85 d) are noted at 0.89 and
1.12 mev; also the peaks of Br®- (35.7 h) and Na"*

(15 h) contaminants. Figure 2 shows the spectrum
after separation of Na"* and Fig. 3 after separation

of Br®^, leaving a clean spectrum of Sc'® alone.

The amount of radioactivity is printed out and
the amount of stable Sc present can be calculated

after a measurement of the Sc'® radioactivity in

the scandium comparator samples. This same pro-

cedure could be used to analyze for the stable

bromine or sodium content of the same sample.

As a general rule, the gamma radiations having the
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highest energy are first subtracted from the spec-

trum, the second highest next, etc. It has been pos-

sible in some analyses to determine the concen-

tration of as many as 6 or 7 elements in this

manner.*

The analyses for such elements as Al, Mn, Au,

Table 3. Trace Elements in Beryllium Metal.

Element
Limits of Measurement

By Activation Analysis, ppmf

Th
U
Sc

Cu
Na
Mn
K
CI

Si

Fe
W
Br
Cr
Ba
Sr

Cd
Ni
Ca
Mg
Mo
Au
Ti
Zn
Al
Co
Pb
Li

B
O*

0.01

0.02

0.01

0.001

0.001

0.0001

0.01

0.01

1.0

10

0.01

0.001

0.1

0.01

0.1

0.01

5

10

5

0.1

0.0001

10

0.01

0.1

0.01

t

t

5

* Determined by LiHn, a)H3 and 0'6(n, H3)Fi8. F'8 decays

with 112 minute half life and /3+ radiations.

t For an irradiation at 5 X IQn n/cmVsec; can be iricreased

by an irradiation in higher neutron flux areas. Precision and
accuracy limits for these conditions: ±3 per cent.

t Not easily determined by neutron activation analysis.
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5x 10" n/sec/cm2

Counting Conditions: 6cm fn

3x3 Nol crystal

0- 2 Mev

50 100
PULSE HEIGHT UNITS

50 100 150

PULSE HEIGHT UNITS

Fig. 2. Spectra of scandium and Br^- after Na"
subtraction.

1000
\

\ \

Condition of Irrodidtion : week in graphite reactor a

flux of 5 xlO" n/sec/cm2

Counting conditions : 6cm from 3x3 Nal crystal

0-2 Mev

50 100

PULSE HEIGHT UNITS

Fig. 3. Spectra of scandium after Na"' and Br
subtraction.

Co, and CI, as well as Xa, were completed either

by gross gamma measurements or by decay. The

specificity of the gamma radiations for the radio-

nuclides of each of these elements is as follows:

Radionuclide Half Life Gamma Radiations, Mev

AP8 2.3 m 1.78

Mn^« 2.6 h 0.845, 1.81, 2.13

Aui^« 2.69 d 0.4117

Co^o 5.3 y 1.17, 1.33

C138 37.5 m 2.15, 1.60

Na2* 15 h 1.368, 2.75

Fig. 1. Gross spectra of sample before Na"* and

Br®- subtraction.

Specific radiochemical analyses were used to de-

termine the Si, Fe, Th, and U content of the

samples. The radiochemical procedure'-' used in

each of these determinations can be summarized

in the following manner

:

Silicon.° After the irradiation, the irradiated

sample was transferred to a 125-ml distillation

flask. At least 20 mg of silicon "carrier" was added

and the sample was then dissolved in 5 ml of

concentrated HNO3 and 2 ml of concentrated HF.

After adding 20 ml of concentrated HoSO* the mix-
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ture was distilled for 10 minutes. The distillate

was trapped in 15 ml of water and transferred to

a 150-ml beaker. The HF was complexed by adding
30 ml of a saturated solution of A1(N03)3, after

which 30 ml of concentrated H2SO4 was added and
the solution was heated to boiling to precipitate

SiOo . The mixture was centrifuged to separate

the precipitate which was then washed twice with
6 A^ HCl, filtered, and ignited in a muffle furnace

at 1000°C for one-half hour. The SiOo was then
mounted for counting of Si^^ (2.6 h) beta radia-

tions by means of a Geiger-Mueller counter.

{Note: This was the only determination made in

this investigation by beta counting.)

Comparator samples of silicon were processed
in the same manner after which determination of

trace silicon in the samples was completed by
comparing their Si'^^ radioactivity with that of the
comparator samples.

IronJ^ After the irradiation, the sample was dis-

solved in hydrochloric acid (8 M) in the presence
of a known amount of inactive iron carrier. The
resulting solution was then extracted into an equal
volume of isopropyl ether. Following this extrac-

tion, the iron was extracted from the ether phase
with water and then precipitated as Fe(0H)3 with
ammonium hydroxide. After filtering, the Fe(0H)3
was ignited to Fe203 in a muffle furnace; the
FeoOs was then weighed and mounted for counting
in a gamma counter. Iron comparator samples
were treated in the same manner and a compari-
son of the Fe^^ (45 d) radioactivities observed by
counting was then made to determine the amount
of stable iron in the sample.
Thorium,^ ® After the irradiation, the sample

was dissolved in HCl and the solution was ad-
jus^ted to 6 M HCl—4 per cent oxaHc acid. The
Pa-^^ (27.3 days; the daughter radioactivity of

24.3-m Th^^^) was then extracted into diisobutyl-
carbinol (DIBC).
Following this extraction, the aqueous phase

was discarded and the organic phase was washed
twice with 6 M HCl. The Pa-"'" was then removed
from the organic phase by an extraction with 8
per cent oxahc acid. Aliquots of this solution were
analyzed by a gamma scintillation spectrometry.
The observed Pa"'^' in the test sample was then
compared with the Pa'"" found in a thorium com-
parator sample in order to establish the concen-
tration of thorium in the sample.
Uranium,^ After the irradiation, the sample

was dissolved in about 10 ml of acid, lanthanum
carrier was added and the volume was reduced to
3 ml by boiling in the presence of hydroxylamine

Table 4. Radioactivation Analysis of
Reactor-Grade Beryllium Metal for

Al, Sc, Mn, and U.

Table 5. Trace Elements in Beryllium Metal:
Test Results by Radioactivation Analysis.

Element Sample Concentration, /ug/g

Element Concentration, ^g/

Al

Sc

U
Mn

38; 36

53; 56

22.4; 27.3

96; 92

Sc

Si

Th

U

0.4; 0.44

1.4; 1.7

25.7;27.2

30; 34

56; 53

0.6; 0.9

0.3; 0.5

1.6; 1.7

4.1; 3.3

0.11; 0.12

2.0; 1.6

10.3; 10.9

6.6; 6.0

21.5; 21.8

hydrochloride. The lanthanum served as a carrier

for the reduced Np"'^^ (2.33 days; daughter radio-

nuclide of 24.1-m U^'^'') and was precipitated from
the solution as LaFs with HF.
The LaF3 was washed with a 1 M HF — 1 M

HNO3 solution and then dissolved in 6 M HNO3
solution saturated with boric acid. About 0.2 ml of

a 10 per cent KMnO^ solution was added to oxi-

dize the neptunium. The solution was made 2 M
in HF, and the resulting LaFs precipitate w^as re-

moved by centrifugation. Additional La"*"" carrier

and hydroxylamine hydrochloride were added and
LaFs was precipitated by the addition of HF.
This precipitate was removed from the solution

and the Np""'' radioactivity which it carried

through the processing was measured by gamma
scintillation spectrometry.

Comparative data were obtained and the ura-
nium content of the sample determined by process-
ing uranium comparator samples in the same man-
ner.

Results. Typical test results for neutron radio-
activation analyses which are being made upon
beryllium and its compounds are given in Tables
4 through 8.

In addition, a qualitative analysis of beryllium
metal has been made by radioactivation analysis.

Table 9 shows the elements found and gives an
estimation of their concentration.
Discussion. The greatest advantage of neutron

activation analysis is its extreme sensitivity as is

noted in Table 3. The element of highest sensi-

tivity listed is manganese; 1 ppb of manganese
can be detected. Many other elements fall within
this category while still others, such as some of

the rare-earth elements, with large cross sections
may be determined at a concentration as low as

0.01 ppb (10~" g in a 1-g sample). It is possible to

increase these sensitivities by a factor of 100 by
making the irradiations in the Oak Ridge Re-
search Reactor with a flux of 10" n/sec/cm^ With
modern science and industry placing so much em-
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Table 6. Trace Elements in Beryllium Oxide:

Test Results by Radioactivation Analysis.

Element Sample Concentration, //g/g

Al A
B

7

99

Ca A ^1

Fe A
B

8; 9

44; 40

Sc A
B

0.01; 0.01

0.43; 0.42

Table 7. Trace Elements in Beryllium

Fluoride: Test Results by Radioactivation
Analysis.

Element Sample Concentration, Mg/g

Sc A 2.1; 2.2

B 0.66 ;0.65

C 3.03 ; 3.09

Th A 444; 440

B 670; 693

C 697; 655

D 656; 670

phasis on trace elements in metals, foodstuffs,

drugs, etc., the advantage of sensitivity is of great

importance.

Neutron activation analysis is also specific be-

cause the radioactivity induced into the stable

isotopes can be characterized by the half lives of

the radionuclides produced and by the radiations

emitted. Each radionuclide has its own charac-

teristic mode of decay. These decay rates and

radiation energies are never exactly duplicated in

any other radioisotope produced by neutron ir-

radiation.

Another advantage of neutron activation analy-

sis is that the analyst is not often confronted with

the problem of sample contamination during an

analysis, as is often the case in conventional

methods of analysis.

Another advantage which has already been

mentioned is nondestructive analysis by the use

of multichannel spectrometers. Since in nonde-

structive analysis the sample is not processed in

any manner, time is saved and human errors such

as those made in weighing or pipeting are ehmi-

nated as are also chemical errors, such as incom-

plete separations, coprecipitations, and loss of

yield.

The greatest limitation of neutron activation

analysis is the accessibihty to a source of neu-

trons; this factor, however, is gradually being re-

duced as more nuclear reactors are being built

throughout the country.

Other Hmitations of neutron activation analysis

are mostly those concerned with nuclear proper-

ties. For instance, difficulties are encountered in

the analysis of samples with high neutron absorp-

tion cross sections such as cadmium, boron, hth-

ium, and some of the rare-earth elements that ab-

sorb a greater number of neutrons than does the

element which is sought. It is essential that both

the unknown sample and the comparator sample

absorb the same number of neutrons.

Another example of nuclear hmitations, previ-

ously mentioned, is the possibihty that the radio-

nuchde sought for use in the determination of a

particular element may be produced by a fast

(n,p or n,a) nuclear reaction of some element

other than the one desired. For example, the in-

tention may be to determine sodium by means of

the radioactive Na'* produced by the nuclear re-

action, Na-^(n,7)Na^*; however, Na'' may also

be produced by the reaction, AP(n,a)Na-*. Con-

trol of interferences of this type must usually be

established by the analyst for the particular sam-

ple he is analyzing.

Tables 4 through 9 show the results obtained for

trace elements that have been determined in be-

rylhum by destructive and nondestructive means.

Table 8. Radioactivation Analysis of

"Ultrapure" Beryllium Metal.

Element Concentration, Mg/g

Th
U
Sc
Cu
Si

Na
Mn
K
CI
Fe
W
Au

0.07

0.008

0.01

6.4

30

0.09

1.6

394

914

<10
<0.1
0.001

Table 9. Qualitative Assay of Beryllium
Metal by Radioactivation Analysis.

Radionuclide Estimated Concentration of

Observed Stable Element, ppm*

Th 0.1

U238 0.02

U235 0.001

Sc 0.01

Mn 0.001

Au 0.01

W 0.01

Fe 5-10

Cr 0.1

Br 0.01

Na 0.01

Co 0.1

* Concentration estimated on calculations involving the ob-

served radioactivity following an irradiation at an approximate

flux of 6 X 10" n/cmVsec. Literature values for activation cross

section and radionuclide half life used. Efficiency for radio-

activity determination measured by calibrated standards.
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These lists include only those elements that have

been determined by radioactivation analysis in

beryllium. The method could be extended to the

determination of many additional elements in be-

ryllium.

In conclusion, it is the opinion of the authors

that (1) the analysis of beryllium by neutron ac-

tivation analysis is accurate to a few per cent

(±5 per cent or less); (2) neutron activation

analysis may be used in the assay of trace ele-

ments in many diverse materials; (3) trace ele-

ments in reagents do not cause difficulty as in

other conventional methods; (4) neutron radio-

activation analysis is a specific analytical method
in that each radionuclide has its own characteristic

radiations and half life; and (5) neutron radioac-

tivation analysis is a very sensitive analysis

method for determining trace elements in beryl-

hum and its compounds.
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NONDISPERSIVE X-RAY FLUORESCENCE SPECTROMETRY

X-ray fluorescence spectrometry is a method for

determining the elemental composition of mate-
rials. (See article, "Fluorescence Spectrochemical
Analysis: Principles" (Winchester), for an exposi-

tion of the basic principles of the method.) Usually
the X-rays excited in a specimen are dispersed by a
diffracting crystal, so that ideally the detector at

any moment receives only monochromatic X-rays
from one chemical element. In a "nondispersive"
system (exemphfied in Fig. 1) there is no diffrac-

tor; X-rays of all wavelengths may simultane-

Pulse

analyzer

X-ray tube

0. Filte

r-T9 y\Qn
Pulse

analyzer

Proportional Proportional

counter

Specimen

Fig. 1. Nondispersive X-ray fluorescence spec-

trometry.

ously reach the detector, which then must provide

the required wavelength discrimination.

In addition to simplicity, nondispersive ar-

rangements have two substantial advantages: the

absence of a critical diffracting-angle condition

permits much higher "absolute sensitivity" (i.e.,

many more counts/second/microgram of an ele-

ment of interest), and analysis may be extended

to elements of low atomic number, hke nitrogen,

for which the available diffractors are quite in-

efficient.^ Counterbalanced is the disadvantage of

poor discrimination against interfering character-

istic hues and against continuous background.

Consequently, nondispersive analysis is suited for

measuring very small amounts of an element in

an almost pure state, or in concentrations which

are not too low, in matrices with limited element

interference. These terms are spelled out quanti-

tatively below.

The next-to-last line of Table 1 indicates the

high absolute sensitivity provided by a nondis-

persive system. The arrangement in this case is

that of Fig. 1, with only the left-side counter in

use. The preliminary data in the table permit the

reader to extrapolate to other conditions of op-

eration. It is apparent that at the maximum tube

current of 50 ma, certain specimens containing as

little as 10~* microgram of an element of interest

may be nondispersively assayed conveniently so

long as element interference and "white spec-

trum" background are not prohibitive. Such con-

ditions are common in the measurement of trace

elements after a chemically specific procedure

leaves an extremely small, high-concentration ex-

tract ."

Cameron and Rhodes^ have discussed an ad-

mirably simple nondispersive arrangement (Fig.

2) for measuring the thicknesses of pure surface

layers or for studying major elemental constitu-

ents. Because all components are quite close to-

gether, good sensitivity is achieved even with a

radioactive source substituted for the much more
burdensome X-ray tube.

When continuous background and/or element

interference are substantial, the effectiveness of

nondispersive systems depends criticallj^ on the

resolving power of the detector. This should be a

gas-filled proportional counter coupled (through

a linear amplifier) to a pulse-height selector. For
each element, the proportional counter produces

electrical pulses of an average height propor-

tional to the characteristic quantum energ}', so
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Sample Source holder Table 1. Comparison of Sensitivities of a
Dispersive and a Nondispersive X-ray

Fluorescence System*

^ Proportional

counter

Fig. 2. Nondispersive X-ray fluorescence spec-

trometry. From Nucleonics 19, No. 6, 53 (1961)

that the selector can be set to respond to one ele-

ment while discriminating against all others. Mul-
vey and Campbell* have thoroughly discussed the

capabilities of proportional counters for X-ray

spectrometry. Briefly, because of the relatively

poor resolution, it is difiicult to analyze a mixture

of two elements differing by one in atomic num-
ber by relying on proportional counters alone

;

statistical analysis is easy for element pairs with

atomic number differences of two or more even

though the spectra may not be fully resolved;

and mixtures of three or more elements close in

atomic number are quite difficult or hopeless.

However, as discussed below, filters can help a

great deal.

In the usual X-ray fluorescence wavelength re-

gion, the proportional counter at present offers

the best resolution of all nondispersive detectors,

with scintillation crv'-stals being quite inferior. The
future may conceivably bring solid-state semicon-

ductor detectors with resolving powers approxi-

mately three times better than the gas counters'.

This development would extend the power of non-

dispersive analysis enormously, but it is by no
means assured.

With proper technique, one ma.y directb^ assay

rather low element concentrations. 'Troper tech-

nique" implies heavy filtration of the output of

the X-ray tube to remove most of the continuous

spectrum otherwise scattered by the specimen,

careful design of specimen chamber and colhma-
tors and the use of thin, pure specimen supports

to minimize background, and pulse height selec-

tion with accurately constructed counters and
stable electronic circuits. As indicated in the last

line of Table 1, one may be able to anatyze down
to about 50 parts per million in an organic ma-
trix before the counting rate due to the element
of interest is reduced to the background rate. This

compares quite favorably with the corresponding

figures often encountered for dispersive systems in

practice, although far superior signal-to-back-

ground performance can be attained by the dis-

persive method if some of the procedures men-
tioned in this paragraph are enforced.

Although accurate nondispersive analysis is not

feasible in situations involving three or more seri-

System
Anode
Anode-specimen
cm

Diffractor

Specimen

-

crystal cm
Collimation,

tube-crystal

at detector

Crystal-

detector cm
Specimen

-

detector cm
Detector
window size

Detector

Detector
absorption b

Tube kilo-

voltage

Tube current

Dispersive

W
0.6

LiF
18

4-in. plates,

20 mils

apart

I in. plates,

10 mils

apart

5

Not a limit-

ing factor

Gas flow

counter

55%

50 kvp, full

wave'=

40 ma

Nondispersive
Mo
7

None

Not a limiting

factor

f-in. diameter

Gas counter

55%

50 kv, constant

potential

3-25 ma
Specimens Zinc in sucrose, 1,000 ppm
Tube filtration Negligible Neglig- 5 mils

ible Ti

Counts/sec/ 9 3,700 700

Mgram/tube
ma

Ppm for signal

-

Note e 1,000 50

background'^

* The author thanks Philips Electronics Instruments for the

use of a dispersive instrument at their plant, to compare with
the author's nondispersive system applied to very similar

specimens.
^ Probability that a zinc photon entering the window is

absorbed in the gas.
'^ The counting rate would be approximately 60 per cent more

for the dispersive system with the tube run at constant potential

instead of full wave.
^ "Signal" means the counting rate produced by an element

of interest with the instrument centered on that element; "back-
ground" means the concurrent rate produced by the remainder
of the specimen at the same instrument setting.

® The intrinsic value of this parameter could not be deter-

mined for the dispersive instrument; the observed background
resulted from impurities and from various structural compo-
nents in the tube and in the specimen chamber.

ously interfering elements in fairly low concen-

trations, pairs of elements can be handled quite

well. A simple element-pair problem is the analy-

sis of an ''infinitely-thick" homogeneous binary

mixture of elements of atomic numbers "Z" and

"Z-1". A filter, usually consisting of element ''Z-2",

can pass radiation from ''Z-1" while discriminating

strongly against "Z". Using only a single counter

preceded by a filter and using semiempirical work-

ing curves, Tanemura^ has accurate^ analyzed

such mixtures (specifically zinc and copper, and

silicon and aluminum). However, this simple

method works only when the concentration of

each component is at least several per cent and
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the specimens contain only the two elements, with

no additional matrix.

In specimens which are so thin that self-absorp-

tion and cross excitation are negligible (approxi-

mately 10 mg/cm^ or less for zinc, copper or iron

in organic matrices), one may center a separate

counting channel on each element of interest and

analyze the data as a hnear combination of con-

tributions from each element, with additional

terms representing matrix scattering if necessary.

For concentrations of several per cent or more,

where counting rates are quite high, Dolby^ has

used this approach with an automated system to

analyze specimens containing three interfering ele-

ments in a neutral matrix. (His system was ap-

plied to an electron microprobe instrument, but

the X-ray analytical problem remains the same in

fluorescence work.)

The author has applied the method of hnear

analysis to element pairs in concentrations down
to the neighborhood of 10 ppm in organic matri-

ces.*^ The arrangement is that of Fig. 1. To meas-

ure such low concentrations of interfering ele-

ments, three calibration spots must be used^an
organic matrix containing neither element, and
matrix with each element alone in known low

concentration. Each calibration spot, as well as

each specimen, is observed by two counters simul-

taneously, one counter being "peaked" on each

element and appropriately filtered. An extra

channel must be simultaneously recorded from
each counter, peaked on scattered radiation, to

monitor fluctuations in beam intensity and to give

an index of total specimen mass. The assumption
of linearity then leads to concentration values in

the form of solutions to three simultaneous linear

equations. Table 2 illustrates the capability of the

method in analyzing known mixtures of zinc and
copper in a matrix of sucrose. Note that the ele-

ment of lower atomic number can be analyzed
fairly well even in the presence of a hundredfold
greater concentration of the heavier element. The
situation is much less favorable when "Z-1" is the

more concentrated of the pair, because there exist

no filters discriminating effectively against '^Z-l"

in favor of "Z". In the author's experience, given
the prevailing stability of nuclear pulse amplifiers

Table 2. Analysis of a Mixture of Zinc and
Copper in a Sucrose Matrix.''

*
g

Concentration in Parts per Million

As prepared Measured, Run 1 Measured, Run 2

Zn Cu Zn Cu Zn Cu

1 2,000 20 1,950 17 1,930 17

2 2,000 200 2,070 196 1,870 198
3 2,000 2,000 2,000 1,960 2,140 1,860
4 200 2,000 191 1,990 180 1,900
5 20 2,000 * 1,920 * 1,790

* Completely inconsistent on repeated runs.
^ Tube at 30 kv constant potential, 27 ma Argon-methane

gas counters.
Nickel filter f mil thick in front of the "copper" counter.

and selectors, the nondispersive analysis of ele-

ment "Z" is not rehable when the concentration

of "Z-1" is greater by a factor of more than 10.
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stoichiometric and Mixed Valence; Perfection of Crys-

talline Structures.

NUCLEAR DECAY SCHEME STUDIES BY GAMMA-RAY

SPECTROSCOPY

Since gamma rays are among the radiations re-

sulting from nuclear reorientations, it is quite log-

ical that a proper study of these radiations should

reveal certain features which are characteristic of

the nucleus. Such a study is called nuclear spec-

troscopy.^ Because the complex problem of nu-

clear constitution can be treated theoretically by
only very crude approximations, nuclear models

have been devised in an attempt to correlate the

existing knowledge on nuclear reactions and prop-

erties. In terms of one of the more recent of such

models, known as the unified or collective

model,^' ^ nuclear reorientations can arise in prin-

cipally two ways; by transition of individual nu-

cleons (neutrons or protons) from one ciuantum
level to another and by the collective rearrange-

ment of many nucleons in the nucleus resulting in

a different rotational or vibrational mode of os-

cillation. The latter type of nuclear energy change
is generally associated with deformed nuclei and
can be compared to the change in the rotational

and vibrational modes of excitation encountered
in diatomic molecules.

Gamma transitions, like other spontaneous nu-

clear changes, obey the exponential decay law.

However, the majority of such transitions are

ver}^ rapid (less than approximately 10"® second).

Excited states of isotopes with measurable life

times are referred to as isomers. Gamma transi-

tion life times are principally dependent on the

energy of the transition, the nuclear spin change

involved, the mass number of the nucleus and the

degree of internal con\'ersion. Within this frame-
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work, gamma transitions obey certain selection

rules in much the same way selection rules are

obeyed in atomic spectroscopy.

Nuclear excited states can be formed in several

ways. However, the most common way is prob-

ably by means of alpha and beta emission of a

spontaneously radioactive nucleus, thereby pro-

ducing excited states of the residual nucleus. Other

methods of producing excited states are by means

of coulomb excitation and by nuclear reactions

with particles such as neutrons, protons, deuterons,

etc.

One of the first steps in studying the excited

state of a nucleus is to determine the energy and

absolute or relative intensity of the gamma rays

which are emitted. This is best accomphshed by

using a calibrated Nal(Tl) scintillation crystal as

the gamma-ray detector. (See ''Scintillation Crys-

tals, Gamma Ray, Calibration of.") The inter-

actions of the individual gamma rays with the

phosphor produce scintillations which are detected

by a photomultipher tube. The amphfied pulses

are proportional in size to the energy deposited in

the crystal by the gamma ray. These pulses are

electronically analyzed and the resulting spectral

distribution of pulses gives meaningful informa-

tion on the energy and intensitj' of the various

gamma rays entering the crystal.

If several different energy gamma rays are

emitted by a radioactive isotope, it is important

to determine which of them are in cascade. This

information is obtained from coincidence studies

in which two gamma detectors are placed in close

proximity to the sample. Pulses of a select energy

range arising from gamma radiations detected by
the one crystal are used to produce a ''gate" sig-

nal which allows the electronic analysis of any

radiation which has been simultaneously^ detected

by the other crystal. The resulting spectrum indi-

cates which gamma rays are in coincidence with

the gamma ray selected in the "gating" crj^stal.

From the above information alone, it is fre-

quently possible to construct a reasonable decay

scheme. However, for more accurate knowledge of

other nuclear properties such as lifetime, spin

change, and quantum configurational assignments,

other measurements should be made.

Half-life determinations can usually be made by

a direct measurement of the rate of change of

radiation intensity or when the lifetime is very

short, by delayed coincidence experiments. Half

lives of the order of 10"^^ seconds have been deter-

mined by this technique.

Two important experimental measurements

which are useful in the determination of nuclear

spin and parity are internal conversion probabili-

ties and angular correlation measurements. Inter-

nal conversion arises from the probability that an

excited nucleus will impart its energy to a K, L,

M . . . shell electron. A study of the relative prob-

abilities of these processes yields information on

the type of transition that is occurring (i.e.,

whether it is dipole, quadrupole, or octapole ra-

diation and whether it is electric or magnetic in

character). Angular distribution data obtained

from coincidence measurements taken at different

angles also yields information on the types of

transitions occurring.

In all of these experiments, gamma rays are

being detected and analyzed and the resulting

data can be used in establishing decay schemes

and confirming nuclear theory.
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OILS AS RADIATION PROTECTANTS. See Lipids, Pro-

tective EflFect.

ON-STREAM FLUORESCENCE ANALYSIS*

A new on-stream analyzer based on X-ray fluo-

rescence has been demonstrated for the first time

by Phihps Electronic Instruments, Mount Vernon,

N.Y. The Norelco continuous analyzer is designed

to determine up to six elements simultaneously in

as many as 15 sample streams. It can be used for

slurries and liquids and powders on conveyor

belts. All elements from titanium, atomic number
22, and above can be monitored and analyzed by

on-stream X-ray fluorescence.

In a recent plant-scale experiment at New Jer-

sey Zinc's Friedensville, Pa., mill, the incoming

feed to a zinc flotation mill was continuously ana-

lyzed by X-ray fluorescence spectrometry. Phihps

provided the Norelco X-ray equipment in the

experiment and cooperated in the prehminary de-

velopment of the sampling system in its labora-

tories. Philips also helped to conduct the plant-

scale trial.

In a zinc flotation mill, the optimum quantities

of copper sulfate and collector are closely related

to the quantity of zinc in the feed. Milling prac-

tice is to use more reagents than needed, thus en-

suring adequate amounts to cope with periods of

high zinc content. However, by continuously

measuring zinc content of the feed, using X-rays,

the collector and copper sulfate feeding rates can
be varied with variations in feed grade.

The experiment using X-ray control showed
that the flotation mill could be operated with
satisfactory metallurgical results at a saving of

21 per cent of the reagent costs. With X-ray con-

trol, only as much copper sulfate and collector as

required by the zinc content in the mill feed was
used; thus excess reagents were avoided at all

times. As a result, the flotation environment was
definitely more selective, New Jersey Zinc says.

For example, the X-ray-controlled side of the mill

averaged concentrate grades with 4 per cent
higher zinc than did the side of the mill not X-
ray-controlled. As a result of the plant-scale ex-

periment. New Jersey Zinc decided to purchase
from Norelco a four-stream continuous system to

monitor zinc in heads, middhngs, concentrates,
and tailings.

Flow Cell. The heart of the Norelco on-stream
system is a vertical flow cell with a horizontal
self-washing "Mylar" window (patent pending).
The sample stream actually folds over itself as it

* Based on a Staff report, Chem. Eng. News,
July 2, 1962, p. 41, by permission.

passes the cell window; thus the sensing head

measures every suspended particle. Sedimenta-

tion, gravity, and bubble errors are ehminated.

Sample streams flow to agitated head tanks at

the rate of 10 to 15 gal. per min. Samples are

taken at atmospheric pressure with a Piead pres-

sure of 24 to 36 in. of slurry at a flow rate of 2

gal. per min. Because of this low pressure sj^stem,

there is no need to use beryllium windows which

are expensive and are difficult to replace.

The components of the Norelco on-stream ana-

lyzer include the following:

1. A basic constant potential generator contain-

ing an FA 60 or FA 100 X-ray tube, line stabilizer,

and X-ray tube current stabilizer.

2. A six-element capacity sensor head with

built-in density monitor and correction, and a tra-

versing mechanism which can continuously scan

many sample streams.

3. A sample holder bed which handles lic^uids,

slurries, powders, and solids.

4. A console containing programmer, data proc-

essor, power supplies, and control circuits and ca-

bling.

5. A recorder panel containing a number of po-
tentiometric strip chart recorders, depending on
the number of elements and sample streams to be
analyzed. The recorder panel also has a maxi-
mum/minimum audio alarm for any channel.

The Norelco analyzer provides fully automated
analysis of one to 15 continuously flowing sample
streams. Each stream is separately analyzed by
an automatic traversing sensor head. Stoppage in

any stream does not restrict analysis of other
streams.

The on-stream analyzer has solid state design
in the programmer, data processor and power sup-
plies. (Somewhat similar equipment by another
manufacturer has been in use in the cement in-

dustry to monitor and control aluminum, silicon,

calcium and iron in slags. Ed.)

OPTICS, ELECTRON, X-RAY AND LIGHT. See Probe (Micro)

Electron.

OPTICS, TOTAL REFLECTION X-RAY

The expansion of space research lends a new
dimension to X-ray optics research. It is reason-
able to expect that the study of X-radiation from
outer space will contribute significanth'- to the
understanding of astrophysical phenomena and
the problems of space travel. (See Solar X-Rays).
Already intense X-radiation has been found in

solar flares and it is quite possible that stars

657
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Fig. 1. Critical angle for total reflection of

X-rays.

1.0

Si02
(HENKE1
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where 5 = ne^\^ Ilimine in which n is the total num-

ber of electrons per unit volume, e, m, c and X

are respectively the electronic charge, the mass of

the electron, the velocity of light and the wave-

length. Typical values of 5 computed for a wide

range of materials and wavelengths vary from

about 2 X 10-6 to 350 X 10-«.

If in Snell's law the complementary angles are

used instead of the conventional angles of inci-

dence and refraction respectively as indicated in

Fig. 1 then

ju = COS i/cos r (2)

where i is the "grazing" angle of incidence meas-

ured in the less dense medium and r is the "graz-

ing" angle of refraction. For a certain limiting

angle ic and all smaller angles. X-rays, incident in

the less dense medium, will be totally reflected in

the less dense medium. In the limit of r = o; cos

r = 1 and

/i = cos ic . w)

Fig. 2. Reflection efficiency vs grazing angle of

incidence.

which exhibit flares are also sources of similar

X-rays. In fact we may speculate on the possi-

ble discovery of X-ray stars in analogy with the

speculation on radio stars in the early days of

radio astronomy. The analytical methods and ex-

perimental technique resulting from X-ray mi-

croscopy research should be quite useful in the

X-ray telescope area. In principle the transition

from an X-ray microscope to an X-ray telescope is

easily made provided the requirements of field of

view and resolution are satisfied.

The original X-ray microscope of Kirkpatrick

and Baezi jg a microscope in the conventional

sense as distinguished from projection microscopy

and contact microradiography. X-rays are actually

focused in the formation of magnified images of

minute objects.

Total Reflection. One of the most interesting

of the early discoveries involving the interaction of

X-rays with matter was the fact that the index of

refraction of any material for X-rays is slightly

less than unity.

Provided that the freqviency of the incident radi-

ation is greater than any characteristic frequencies

of the refracting material, simple classical disper-

sion theory shows that the index of refraction

Combining Eqs. (1) and (3) gives

cos /c = 1 — 5. (4)

Since, to

cos ic = 1

a sufficient degree of approximation,

- /,2/2, then

V25. (5)

= 1 (1)

By measuring the reflection efficiency, R = I/h

at constant wavelength for angles from zero to

slightly beyond the critical angle, Nahring^ showed

that the critical angle is not sharply defined. This

is explained by the fact that the absorption coeffi-

cient of most" materials at X-ray wavelengths is

not negligible. When absorption is taken into ac-

count the more exact wave-mechanical treatment

shows that the reflection efficiency R should taper

off as shown in Fig. 2, which is a composite of re-

cent theoretical results due to Henke^ at 8.34A and

experimental results of Reiser^ at 1.54A. Similar

curves have been obtained experimentally at 44A

bv Wuerker and Johnson.

^

^ Geometrical Optics. When Roentgen con-

vinced himself in 1895 that X-rays could not be

focused by ordinary optical lenses he inadvertently

discouraged the development of an X-ray micro-

scope or an X-ray telescope for many years. Since

the index of refraction of matter for X-rays is

only slightlv less than unity the focal length of a

glass lens with one meter radius of curvature would

be of the order of six miles. Focusing X-rays by

refraction is thus not practical. Because of absorp-

tion the compounding of lens is also impractical.

However the realization that X-rays could be re-

flected at finite but small angles of grazing inci-

dence, led Jentzsch^ to try focusing X-rays by

reflection with the objective of constructing a

useful X-ray microscope. He discovered that a

single concave spherical reflector is very astig-

matic when used to form images with X-rays which

are incident at small grazing angles.

The lens formula governing the focusing of rays

in the meridional plane for a vanishingly small
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segment of a concave reflector is according to

Kirkpatrick and Baez^

1 1 2

p q K sin z

1^
(6)

while rays in the sagittal plane are focused accord-

ing to

1 1

p q R
2 sin i 1

(7)

where R is the radius of the mirror, i is the grazing

angle of incidence, p and q the object and image
distances respectively. The meridional and sagit-

tal focal lengths are fm and fs respectively.

According to Eqs. (6) and (7) the ratio of

fs/fm is 1 X 10^ for an angle i equal to 0.010 radians.

The result is that a point object located in the

meridian plane OCI of Fig. 3 and at a distance p
greater than fm will produce a real line image AIB
which will be perpendicular to the meridian plane.

Kirkpatrick and Baez^ remove the extreme astig-

matism by placing a second mirror immediately
behind and at right angles to the first as seen in

Fig. 4. Montel,'' instead of arranging the mirrors
in tandem, cuts each mirror block at an appropri-

ate angle and cements them together so that the
normals to the center of each reflecting surface

form a precise right angle. To the first order of

Gaussian optics either method of mounting pro-

duces a point image of a point object. In Fig. 4

Fig. 3. Astigmatic image formation at grazing
incidence by a single reflector.

the pinhole object is focused into the line image h

by mirror Mi acting alone. The line image v of the

pinhole object is formed by M2 also acting alone.

Rays which are reflected by both Mi and M2 are

formed into the image hv of the pinhole. Rays
which miss both M\ and Mi darken the film at d.

The extreme astigmatism exhibited by a single

reflector at grazing angles of incidence makes it

convenient to analyze the focusing properties of

reflectors in two dimensions only.

The Rowland circle construction of Fig. 5 is

very useful. Newell and Baez^ show that the image
I of the object point is quickly located by the

following geometrical construction. First, a circle

of radius R = CM is drawn representing the re-

flector. A second circle, the Rowland circle of

radius R/2, is drawn tangent to the reflector at its

center M. A third circle, the focal circle, is drawn,
also tangent to the mirror at M, but with radius

i^/4. A real and magnified image I results when the

object point is located between the Rowland
circle and the focal circle. To locate the image a

straight line is drawn through and the center

M and extended backwards so that it intersects

the Rowland circle at A. A straight line represent-

ing the reflected ray is drawn from M making
sure that the angle of reflection equals the angle

of incidence. The latter line is extended so that it

intersects the Rowland circle in B. A third straight

line is now drawn through intersection points A
and B and in turn its intersection V with the verti-

cal CM noted. A fourth and final straight line is

drawn through points and V and extended until

it intersects the reflected ray MB in / the image
of 0.

The construction may be extended to jdeld the

virtual image I' of Fig. 3, formed by the sagittal

rays. A straight line is drawn through C, the center

of the mirror circle, and O, the object point, ex-

tending the line so that it intersects an extension

of the reflected ray MI in the point I' which is the

virtual image of O formed by the sagittal rays.

Whenever a bundle of rays of vanishing width
is reflected by the mirror at some point different

from M the construction or Eq. (6) will show that

X-r a y B e a rniS
Object

(pinhole in lead)

Fig. 4. Point to point image formation by crossed reflectors.
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Fig. 5. Image location by Rowland circle con-

struction.

Fig. 6. The spherical aberration defect.

GAUSSIAN
PLANE. A ^

Fig. 7. The obliquity aberration defect.

the new image I' does not coincide with the former

/ as shown in Fig. 6. Because of this defect a photo-

graphic plate erected normal to the reference ray

CI would intersect rays over the transverse dis-

tance 6o2 . For magnification M much greater than

unity Kirkpatrick^ shows that 802 , the transverse

spherical aberration is given by

(9)

3Ms2

2R
(8)

where s is the length CM of mirror and R its ra-

dius.

In addition to the spherical aberration expressed

by Eq. (8) many other geometrical aberrations

contribute to the total transverse aberration de-

fect 8t . Among these are curvature of field, dis-

tortion, and coma.
The classification of the various geometrical

aberrations may be accomplished by considering

the coefficients of a power series expansion of the

total transverse aberration 8t in r, an aperture

coordinate such as 6 of Fig. 6 or s of Eq. (8) and

h, a field coordinate as in Fig. 7. Since the optical

system lacks a symmetry axis terms of odd and

even powers may be present.

8t = floo + aoi'" + ao-ir- + 003?"^ + ao4?-*

• • • -f aioh + anhr -f anhr^ -f auhr^ -f

• • • + ci'ioh- + aoi/iV -f • •
•

azoh^ -!-•••.

If observations are made in the Gaussian plane

the definition of Gaussian optics would require

that aoo should be zero. In the power series terms

of degree unity may also be neglected within the

approximation of Gaussian optics. Terms of sec-

ond order are unique to this unsymmetrical optical

system. The coefficient an is associated with the

obliquity aberration. Other coefficients such as

ao2 , an \ and 021 are associated respectively with

spherical aberration, coma and curvature of field.

Besides the spherical aberration 802 of Eq. (8) the

most extensively studied aberration is obliquity

whose coefficient is Ou . The geometrical effect of

the obliquity aberration is shown in Fig. 7 by the

tilting of the image of h away from the Gaussian

plane by the angular amount (90 - 7) degrees. It

is herein assumed that the optical system of aper-

ture s focuses all points of the linear object

h = AB with zero spherical aberration. The latter

statement means that I and F of Fig. 6 would coin-

cide by assumption. The transverse aberration

8n created in this manner is a measure of the

obliquity present in the system.

A basic difficulty with the geometrical treat-

ment of the aberrations on an individual basis is

the fact that the subsequent correction of one

particular aberration may w^ell cause another to

increase. Conceivably one could balance one aber-

ration against another if analytical expressions

were available for each in terms of the system

parameters. Unfortunately 5o2 of Eq. (9) and an

as determined by McGee and Milton^ represents

the extent of present knowledge of these coeffi-

cients.

A reduction in the spherical aberration and the

obliquity defect may obviously be accomplished

by reducing the aperture coordinate, s, of Eq. (8).

However, s cannot be reduced indefinitely without

imparing the resolution limit as determined by

diffraction.

In Fig. 8 the positioning of a narrow slit at a

distance D = Ca from the center of the reflector
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Fig. 8. Correction of obliquity with multiple apertures.

will cause the image point A' to be focused exactly

in the Gaussian plane assuming that image point

0' is already focused in the same plane. The dis-

tance D as given by McGee and Milton^ is

4(1 + M)%'' + (3 - 5M) (1 + M)fcS - 4Ms^
^^^^^"

2(1 + M)(3M- l)/c + 4Ms

where M is the magnification M = Qc/pc , fc the

focal length and s is the length CM of Fig. 8. For

the case of infinite magnification Eq. (10) reduces

to

CM

1.2n

D = Ri/3 - 5/66 (11)

Unfortunately other field points in AB will not be

focused in the Gaussian plane for this same value

of D. The field point B requires a narrow aperture

at D = C6 if B' is also to be focused in the Gaus-

sian plane. Further, the vanishingly narrow aper-

tures required at a and b of Fig. 8 are unsatis-

factory from the physical point of view of passing

enough radiant flux to darken a photographic

plate in a reasonable time. The above requirement

is also unsatisfactory because the spacial extent of

the aperture jaws at a would block the passage of

rays from b and conversely the aperture jaws at b

would block the passage of rays to a. These latter

objections have recently been overcome with the

finite aperture system of McGee and Milton^ in

which an aperture of finite width, (ab)c, and a

single knife edge, 'd\ of Fig. 8 force the rays to

cross at a and b respectively for field points A and

B. Rays from intermediate points along AB are

also forced to cross CO' at appropriate points de-

termined by Eq. (10). Fields free of obliquity over

approximately 1200 microns are now possible using

a mirror 2.0 cm length as shown by the two-di-

mensional image contours of Fig. 9. The image

contours have in common a system aperture {ab)c

of 71 microns width and a single knife edge po-

sitioned so that dC of Fig. 8 is approximately 530

microns. In all cases it is seen that the deviation

CASE I

+3 9 50. C CM.
19.3 SOO cn_ -tS.S SO.O CM

R = a5-0 CM
(, = .015
n = 6.8i-

R>3Z5CM

-i.O*-i »-n.o

R = 325CM
l,= .OSS

M'l-.e

Fig. 9. Image contours corrected for obliquity.

of the real image plane from the Gaussian plane

is negligibly small.

Physical Optics. If the spherical aberration as

given by Eq. (8) is to be small then the aperture

system should also be small. On the other hand,

diffraction theory requires that the aperture be as

large as possible for maximum resolution.

A computation of the diffraction pattern pro-

duced by a cylindrical mirror in the presence of

geometrical aberrations was recently reported by

McGee, Hesser and Milton. 1° The diffraction pat-

tern shown in Fig. 10 was produced by a point

source of quasi-monochromatic visible light falling

on a concave spherical mirror with a radius of

curvature of 214 cm and length, s, of 8 cm. The

distance from the point source to the center of
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Fig. 10. Optical dili'iaction in the presence of
spherical aberration.

Fig. 11. X-ray diffrarlion m
spherical aberration. (T. H. Allen)

of

the mirror was 21.8 cm and the image was focused
at a distance of 54 cm from the center of the mirror
by adjusting the angle of incidence to satisfy
Eq. (6). The magnification M = 2.47. The dif-

fraction pattern of Fig. 11 was taken in the same
manner but with a point source of X-ra3's. A mirror
with a radius of curvature of 850 cm and length s

of 2 cm was used. The distance from point source
to mirror was 8.31 cm and the image distance was
32.0 cm. The s^'stem was focused for a grazing
angle of approximateh' 17 milliradians. According
to geometrical theory and Fig. 3 or Fig. 4 the
astigmatic image produced b}- rays from the point
source should produce a line image normal to the
meridian plane. The first maximum of the dif-

fraction pattern of Fig. 10 is the only part which
bears any resemblance to the image expected
geometrical. A similar resemblance is also seen in

the pattern of Fig. 11 which was produced with
X-raj's. Because of lack of monochromaticity of

the X-ra3's which were produced b}- 25 kv electrons
on an aluminum target as well as the lack of reso-

lution in the photographic film the diffraction

fringes are not readily visible in the reproduction
of Fig. 11. Both Fig. 10 and Fig. 11 demonstrate
the severe amount of spherical aberration intro-

duced when the aperture is allowed to be large. It

is to be noted that the intensity rises sharply to a
maximum on the side corresponding to the lower
angle of reflection and falls off slowh' on the high
angle side producing a few broad but weak fringes

close to the high angle end. If the above experi-

ment is repeated for a magnification less than

Fig. 12. Removal of spherical aberration by re-

duction of aperture size (Fraunhofer diffraction).
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unity then it is found that the intensity distribu-

tion has the same general features but is reversed

in direction, the most intense portion occurring at

the higher angles of reflection. Further, if an opaque

knife edge is introduced in either the object space

or image space so that it gradually cuts the beam

of X-rays or light then it is observed that the low

intensity end of the diffraction pattern is gradually

compressed until finally the responsible spherical

aberration becomes negligible and the pattern de-

generates into the Fraunhofer type shown in

Fig. 12 with secondary maxima obscured by repro-

duction. The complete diffraction theory by

Hesser and McGee^i shows excellent agreement in

amplitude and period for the fringes of Fig. 10.

Since X-rays are of very short wavelength it is

not too surprising that a geometrically (X -^ 0)

determined intensity distribution in image space

gives a good description, lacking of course the

details of the fringes. The geometrical intensity

distribution of Fig. 13 was determined with the

aid of an IBM computer by determining the

density of ray intersections with the image plane,

a procedure which is obviously not valid at an

exact focus. Diffraction theory shows that the

sharp rise in Fig. 13 is actually exponential and

the subsequent tailing off in the high reflection

angle direction is oscillatory. The effect of re-

ducing the aperture from s = 2 cm to s = 0.137 cm
is also shown.
The conclusion derived from diffraction theory

is that the resolution attainable using X-rays

incident on either a cylindrical or spherical

mirror is approximately 1500A, which is far from

the theoretical prediction of Kirkpatrick and

Baezi of 70A. The diffraction theory leading to

the above pessimistic result has suggested a mode
of attack on the problem of increasing the resolu-

tion. It is reasonable to assume at this time that

GEOMETRICAL
INTENSITY DISTRIBUTION

IN IMAGE SPACE

R-325 CM
M = 4.6

—r—

.40

Fig. 13. Geometrical intensity distributions.

an order of magnitude improvement is possible in

the near future.
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OPTICS, X-RAY. See Probe, Intermediate X-Ray.

ORDER, LOCAL See Solid Solutions: Local Order and

Atomic Sizes.

ORDER-DISORDER PHENOMENA. See Spinels; Super-

structures.

ORDER PARAMETERS. See Alloys: (Copper-Gold).

ORDERED STRUCTURES AND PHASE DIAGRAMS. See

Alloys: (Copper-Gold).

ORES AND MINERALS SAMPLE PREPARATION FOR SPEC-

TROMETRY. See Sample Preparation for Spec-

trometry: Ores and Mineral Products.

ORGANIC COMPOUNDS: CHARACTERIZATION OF

DERIVATIVES BY DIFFRACTION

Any organic compound that is crystalline or will

yield a crystalline derivative generally can be

characterized by X-ray diffraction techniques.

This article is concerned mainly with the various

classes of organic compounds that have been iden-

tified by X-ray diffraction and the classes of de-

rivatives used for characterization. This review

covers the published hterature of this subject

from about 1950 to the end of 1961.

Crystalline derivatives have been used to iden-

tify organic compounds because they are easily

prepared, provide an easy separation from other
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classes of compounds, and improve specificity. Be-

sides X-ray diffraction, several other physical

techniques which have been used to examine the

derivatives include : determination of melting

point, chemical microscopy, liciuid chromatogra-

phy, infrared spectrophotometry, and titrimetric

analysis. The melting point, the technique most
frequently used, is satisfactory only if the deriva-

tive be pure. Thermal decomposition renders the

melting point technique ineffective and a limited

range of melting points causes the test to be non-
definitive. The various other physical techniques

are often limited in scope, nonspecific, or too tedi-

ous but sometimes do provide the best approach
to a specific identification problem involving char-

acterization of a derivative. Although X-ray dif-

fraction has several advantages when compared
with the various other physical techniques, X-raj'

diffraction often presents difficulties in identifying

organic compounds and precautions must be taken
to avoid erroneous identifications.

Among the various advantages to using X-ray
diffraction for the identification of organic com-
pounds by the characterization of their derivatives,

the foremost are that the sample need not be
pure, that only a very small sample is required,

and that the technique is nondestructive. Precau-
tions must be taken when using the X-ray diffrac-

tion technique to eliminate preferred orientation
in sample preparation, to recognize polymorphism
when present, and to detect the formation of

mixed crystals. These phenomena, which may con-
fuse the inexperienced, very often actually pro-
vide valuable information as to the structure and
characteristics of the material being investigated.

Experimental Technique and Sample Prep-
aration. Either a direct recording spectrometer or

a circular camera can be used for obtaining dif-

fraction patterns on powdered samples of deriva-
tives. The spectrometer is preferred when suffi-

cient sample is available; however, for ver}^ small
samples the camera is required. The direct re-

cording spectrometer gives a permanent record
on a strip chart in units which can be converted
directly to interplanar spacings (d-values). The
camera, on the other hand, gives a record on a
film which must be processed before an interpreta-
tion can be made. Furthermore, the arc distances
on the film must first be converted to angular
values before the interplanar spacings can be ob-
tained. With a chart record, simple measuring
peak heights often suffices for most identification
problems; whereas, with films, the density of the
various diffraction arcs must be photometered.
Samples are prepared for examination by grind-

ing in a small mortar. The samples are then
mounted in a thin-walled glass capillary for the
camera. For mountings to be used with the direct
recording spectrometer the powder is deposited in
the recessed portion of the specimen holder. A
microscope slide can be used to produce a smooth
surface on the powder, level with the rim of the
holder. For some compounds, excessive grinding
produces changes in the diffraction pattern. Where
such changes are suspected, a second specimen.

lightly crushed with a spatula or ground between
a microscope cover slip and a glass slide, provides

a useful check.

One of the chief difficulties encountered in char-

acterizing derivatives of organic compounds is

polymorphism. This effect can generally be
avoided by standardizing crystallization methods.
When samples are ciystallized from solvents at

room temperature, products stable at room tem-
perature are most hkely to be formed. If the

same solvent and crystallization conditions are

adhered to for reference materials and unknowns,
ambiguities due to polymorphic forms should
large I3' be eliminated.

It has been assumed that the relative intensities

of the lines of the powder diffraction pattern refer

to powders oriented completely at random. This
condition is not realized, however, for many sam-
ples of organic compounds which consist of needle-

like or plate-shaped particles.^® Matthews^ has
suggested the addition of 200 mesh beryllium
metal during grinding as a support material to

enhance random orientation. (Extreme caution
should be used in handling berylhum and its com-
pounds as it is very toxic.) Beryllium gives a
cubic pattern providing good check lines for align-

ment which aids in comparing patterns. These
lines are sufficiently separated from the predomi-
nantly long spacings of organic compounds not to

interfere.

Qualitative Analysis. The empirical nature of

identification by X-ray diffraction necessitates

that good reference patterns be available. A good
source of reference patterns is the ASTM "X-
Ra.y Powder Data File." For a new or specialized

application, however, it maj^ be necessary to pre-

pare one's own file of reference patterns. When
this is necessary the utmost care must be exercised
in preparation of these reference patterns to avoid
ambiguities. Each pattern should, if possible, in-

clude a few lines of an internal standard for align-

ment purposes. The reference materials should be
of high purity to avoid stray lines due to the pres-

ence of impurities. Steps should be taken to elimi-

nate preferred orientation and polymorphism.
Alcohols. The 3,5-dinitrobenzoate esters have

been used successfully in the identification of al-

cohols.^" The derivatives were prepared by react-

ing the alcohol with 3,5-dinitrobenzoyl chloride in

a pyridine solution. The derivatives were ex-

tracted with hexane from the acidified pyridine

solution and washed with a dilute solution of so-

dium carbonate. The derivatives were then re-

covered by evaporation of the hexane and puri-

fied by recrystallization from a methanol-water
mixture at room temperature.
The diffraction patterns obtained for the esters

of the pure alcohols were sufficiently unique to

allow identification of unknown alcohols or mix-
tures of alcohols. Quantitative analysis was hin-

dered by incomplete reaction and selective crys-

tallization during purification.

Aldehydes and Ketones. Carbonyl compounds
have been extensively investigated as the 2,4-di-

nitrophenylhydrazones for purposes of identifica-
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tion.'"'
* ^' ^' '^' '^ The interplanar spacings and rela-

tive intensities of the three strongest reflections

in the diffraction patterns for 93 carbonyl com-

pounds have been compiled.'' The 2,4-dinitro-

phenylhydrazone derivatives are readily prepared

even from milhgram quantities of starting mate-

rial. The X-ray powder diffraction method is very

suitable for identifying polymorphic forms^ geo-

metrical isomers, and mixed crystals. Clark^ con-

verted the qualitative micromethod to a quanti-

tative method by accurate measurement of line

densities of known mixtures of the aldehyde de-

rivatives with sodium fluoride as an internal

standard. Standard intensity ratios were used.

Alkyl Halides. Using a chromium target X-ray

tube, Merritt^^ obtained patterns for the alkyl-6-

nitrobenzothiazolyl-2-sulfides and sulfones which

were sufficiently characteristic for individual iden-

tification of these derivatives. From these charac-

terizations he was able to determine the identity

of the alkyl hahde corresponding to the individual

sulfides and sulfones. High purity of the crystal-

line derivatives was unnecessary to obtain unique

patterns.

There are few entirely suitable derivatives for

the identification of alkyl hahdes. The alkyl-6-

nitrobenzothiazolyl-2-sulfides and sulfones, how-

ever, provide two crystalline derivatives for each

alkyl halide. These derivatives are suitable for

primary and secondary alkyl chlorides, bromides

and iodides.

Alkylpyridines. Janz^*" used X-ray diffraction

to characterize the picrate salts of an alkylpy-

ridine series. The derivative technique was eval-

uated for a homologous series in which one end of

the alkyl chain is fixed to a large aryl group, the

pyridine ring. The technique proved effective in

this case of ring isomerism, which is due to the

presence of the basic ring nitrogen giving this

unique nature to the pyridine structure.

Amines. The copper-iV-alkylsalicyladimine che-

lates provide particularly suitable derivatives for

characterization in the identification of unsubsti-

tuted straight-chain primary amines. Charles and

Johnston'' found that the copper chelates are read-

ily prepared and purified, are stable and nonhy-

groscopic, and give sharp diffraction patterns.

Equally distinctive patterns are obtained for the

corresponding nickel compounds; however, they

offer no advantages over the copper compounds
and the latter are somewhat easier to recrystal-

lize. Recrystallization should be carried out from

methanol to obtain the same polymorphic form

each time.

Amino Compounds. Rice and Sowden^* used

the 2,4-dinitrophenyl derivatives to identify

amino compounds by X-ray diffraction. The free

amino groups in proteins and protein derivatives

were reacted with l-fluoro-2,4-dinitrobenzene to

form the 2,4-dinitrophenyl derivatives. Charac-

teristic diffraction patterns were obtained for the

derivatives of the amino groups that are free in

the intact proteins. Frequently, in work on pro-

tein structure, only small samples of somewhat
im;pure material are available. In such cases, X-

ray powder patterns of amino derivatives prove

very useful for identification purposes.

Barbituric Acids. The identification of the var-

ious barbituric acids is an important phase of

toxicological and criminological studies. The bar-

bituric acids have been readily identified by the

characterization of derivatives by X-ray diffrac-

tion.'''
"• ^-' "^ Cloutier and Manson^ prepared the

p-nitrobenzyl derivatives of 20 clinically impor-

tant barbituric acids. They tabulated the d-spac-

ings and I/Ii values for these derivatives and

evaluated the X-ray diffraction technique as an

alternate for infrared identification.

Wilhams-^ examined twenty 5,5-disubstituted

barbituric acids by X-ray diffraction and found

the technique readily amenable for individual

identification. The X-ray diffraction technique

permits practical identification of barbituric acids

isolated in toxicological examinations if the speci-

men preparation is standardized, that is, the de-

rivatives of the barbituric acids should be crystal-

hzed by evaporation of an ethereal solution.

Fatty Acids. Several types of derivatives have

been used in the X-ray diffraction identification

of fatty acids .'"• '' "• ''• "' Guertin^' found the sil-

ver salt derivatives of the isomers of hexanoic

and heptanoic acids to be very satisfactory for the

identification of the various isomers studied. The
silver salts are easily prepared and their patterns

are very characteristic. Huber^^ showed that the

hexadecyl hydrogen esters of dibasic acids give

only one crystal form from a solvent or from the

melt. Matthews et aU""' ^° compared the silver

salts, amides, and anilides as a means of identify-

ing fatty acids. They found that each type of de-

rivative is suitable. For ease of preparation and

pattern differentiation, however, the silver salt

derivatives are preferred.

According to Matthews^'' a straight-Hne relation

between the number of carbon atoms in the acid

and the innermost reflections of the amides and

silver salts can be given by the equations

:

Amides, X — 6.25

and silver salts,

X = 9.85

where

1.85 (F - 2)

2.44 (F - 2)

X — the innermost reflection,

F = the number of carbon atoms in the

acid,

(F — 2) = the number of methylene groups in

the chain.

The X values thus obtained can be extrapolated

to aid in identification of higher members of a

series.

Other Compounds. The amides of the Ci to

Ci4 saturated ahphatic acids give characteristic

diffraction patterns providing an easy method for

identifying the acids.
^^

Thirty-five methyl esters of 17 monooxodecanoic

acids and 18 monohydroxydecanoic acids were pre-
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pared and characterized by Bergstrom^ in the iden-

tification of the individual decanoic acids.

Pfeiffer^'^ identified 14 phenyl and related com-
pounds by characterizing the 1,3,4-oxadiazole de-

rivatives.

Beher et al} investigated the comparative

values of X-ray diffraction and infrared spectro-

photometry in identifying certain sterols and their

digitonides. They found the infrared technique to

be inadequate for purposes of identification. The
diffraction patterns for the sterols proved suffi-

ciently characteristic for individual identification,

whereas, the patterns of the digitonides were not.

Nevertheless, X-ray diffraction provided a useful

method for establishing that the digitonides are

really chemical compounds.
Burkardt and Moore^ used X-ray diffraction to

characterize 29 tetrazole derivatives. They found
that the relative intensities of the reflections in

the patterns for the derivatives were greatly al-

tered by preferred orientation. For positive iden-

tification, therefore, means must be used to avoid

preferentially orienting the samples during mount-
ing.

Gasparic et aU^ used the dialkjd-p-bromophena-

crysulfonium salts and perchlorates to identify 23

thio ethers by X-ray diffraction.

Quantitative Analysis. Although X-ray diffrac-

tion may be very useful when no other plwsical

or chemical method is available or applicable to a

particular problem, it is not the preferred tech-

nique for most quantitative analyses.

After proper identification of the original com-
pounds in a mixture of derivatives, quantitative

estimation of the relative amounts present in the

original sample can be made. A series of standard
samples containing known ratios of the identified

derivatives is prepared. Diffraction patterns are

obtained for each standard sample. Using the

strongest reflection for each derivative in the

several diffraction patterns, a calibration can be
prepared by plotting the intensity ratios against

the concentration ratios.

The lower concentration limit for reliable re-

sults is generally 5 to 10 per cent for a minor
component. This limit may be lower or higher de-
pending on several factors. Overlapping of reflec-

tions from the major component may hinder good
results. Preferential reaction during the formation
of the derivatives and fractional crystallization of

mixtures of derivatives also tend to give errone-
ous results. Preferred orientation can generally be
avoided by using a diluent which also acts as an
internal standard. Sodium fluoride or beryllium
metal are exceptionally good diluents for X-ray
diffraction work.
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ORIENTATION DISTRIBUTIONS OF CRYSTALLITES IN

POLYETHYLENE TEREPHTHALATE FILMS,* X-RAY

DETERMINATION OF

The properties of polymeric films and fibers de-

pend to a large extent on the orientation built into

the strucutre during processing. In semicrystalhne

poh^mers, it is recognized that both the ciystalline

and amorphous regions contribute to the physical

properties and, in addition, that a spectrum of de-

grees of order exists between these extremes.^ It is

convenient to describe polymer structure onlj^ in

terms of the crystalline and amorphous regions. In

this paper, that structure responsible for the co-

herent scattering of x-rays according to the Bragg

Law is considered the ciystalline region.

There is a real need for the direct determination

of the distributions of both the crystalline and

* Presented at Symposium honoring retirement

of Prof. G. L. Clark, University of Illinois, May 24,

1960.
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amorphous regions to establish the mechanisms

taking place during the orientation of polymeric

materials. The requirements are: (1) a system-

atic geometrical system of reference of the several

types of orientation that can be conceived, and

(2) experimental methods for the independent de-

termination of the distributions of each region.

This need was recognized very early, in attempts

to explain the mechanism of deformation of rubber

and in describing the structural features of native

and regenerated cellulosics.-' ^' * Generally, total

orientation has been measured using birefringence

or infrared dichroism and corrections applied to

the total for the contributions of the shape, ori-

entation and quantity of the crystalhne regions

as measured by X-ray diffraction methods. The re-

sidual orientation has then been attributed to the

amorphous regions.^' ^' ^' ^

To extend these measurements, a number of as-

sumed distribution functions for axial orientation

have been proposed and used. None of these satis-

factorily explain observed orientation phenomena,
nor take into account the different types of dis-

tributions of the structural elements (planes and

axes) that can occur simultaneously. By necessity,

these distribution functions have been based on
rather simplified models, and an excellent review

of these has been presented by Fraser^ as related to

infrared dichroic measurements. The major diffi-

culty has been the experimental determination of

the orientation distributions for the various types

of orientation. This would then permit trial dis-

tribution functions to be formulated and tested.

Another difficulty has been the need for a uniform

terminology in describing orientation and the rec-

ognition that the types of orientation are functions

of the macrogeometry of the system.

In this paper is given a systematic geometrical

system for the classification of orientation and a

convenient X-ray method for quantitatively meas-

uring the crystallite orientation distributions in

semicrystalline polymeric films and fibers. This ap-

proach is useful since, in a short time, both the

types of orientation in a film or fiber are deter-

mined, as well as the complete orientation dis-

tributions of the crystalhne regions.

Definitions of Types of Orientation. The origi-

nal definitions by Sisson'' have been modified and

extended. Orientation types are derived by con-

sideration of the crystalline features, planes and

axes, referred to a reference geometry of planes

and axes. It is possible to generate six general

types of orientation structures, and these, together

with definitions of their geometry, are given in Fig.

1. The names of these structures are derived from

the geometry of the reference system and not the

geometry of the crystallite. For example, planar

orientation is defined in terms of a structural oper-

ator, (in this case a crystal axis) referred to a

reference plane. To illustrate these definitions, sim-

NAME

RANDOM

GEOMETRY

NO ORIENTATION

REFERENCE

NONE

OPERATOR

NONE

SCHEMATIC
STRUCTURE POLE FIGURE

[W^^''/;.V ^:|

PLANAR

UNIPLANAR

GIVEN CRYSTAL AXIS

PARALLEL TO A REFER-
ENCE PLANE

PLANE

r^

GIVEN CRYSTAL PLANE
PARALLEL TO A REFER-

ENCE PLANE

PLANE

AXIAL
GIVEN CRYSTAL AXIS

PARALLEL TO A REFER-

ENCE AXIS

^ I]

PLAN-AXIAL GIVEN CRYSTAL PLANE
PARALLEL TO A REFER-

ENCE AXIS

AXIS PLANE NOT APPLICABLE TO

FILM GEOMETRY BUT

CAN EXIST IN FIBERS

UNIPLANAR
AXIAL

GIVEN CRYSTAL AXIS

PARALLEL TO A REFER-

ENCE AXIS AND A GIVEN

CRYSTAL PLANE PARALLEL

TO A REFERENCE PLANE

PLANE
AXIS

PLANE

AXIS

Fig. 1. Classification of orientation types.
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DIRECTION

OF STRETCH

Fig. 2. Sample rotations used on the single-

crystal orienter with film packs.

plified schematic views of a film in three directions

are presented as well as the pole figure produced

by each type of orientation.

Random. In this structure no preferred direc-

tion of either crystal axes or planes exists with re-

spect to reference axes or planes.

Planar. A crystal axis is oriented parallel to a

reference plane, from which the name of the struc-

ture is derived. With pob^mer films, the reference

plane may or may not be parallel to the plane of

the film. This is the least restrictive type of ori-

entation.

Uniplanar. In this type of orientation, a crystal

plane is oriented parallel to a reference plane. This

also satisfies the planar definition but is a more re-

strictive case.

Axial. In axial orientation, a crystal axis is ori-

ented parallel to a reference axis, which usually

but not necessarily is the direction of stretch or of

rolling.

Plan-Axial. In this structure, a crystal plane is

oriented parallel to a reference axis. No restrictions

are imposed on the direction of any crystal axis.

This is more easily visualized as given crj^stal

planes parallel to a reference axis forming a cylin-

drical envelope.

Uniplanar-Axial. A crystal plane is oriented

parallel to a reference plane and a crj'stal axis is

oriented parallel to a reference axis. This structure

cannot be further ordered except by decreasing

the number of crystallites by joining them into

larger ones. This type of orientation is the most
restrictive.

In polymer structures, orientation will not be

complete, and distributions of directions of planes

or axes will be observed. It is also possible for

multiple orientation types to coexist as is fre-

quently found in metallurgical specimens. These
definitions are designed to provide a simple and
uniform terminology for describing orientation.

For the work presented here, applicable to films

and fibers, crystallite planes and axes have been

used. However, it is also possible to substitute

other units such as phenyl planes, chain axes, etc.,

but it is always necessary to specify both the refer-

ence geometry and the operator.

Experimental Method of Measuring Crystallite

Orientation Distributions. The use of special

cameras, such as the Weissenberg, has been con-

sidered before to study the crystallite orientation

in films and fibers.^" In most cases the diffraction

from polymers is diffuse and weak, such that the

accuracy of photographic methods suffers. In addi-

tion, the time required to accumulate complete

sets of data from, the multiple photographs neces-

sary is undesirable. These difficulties have been

largely overcome by the use of a ''Single Crj-stal

Orienter" (S.C.O.)," an instrument recently mar-

keted by the General Electric Company for the

study of single crystals using counter detection.

This device permits rotation of a specimen about

a number of independent axes such that any re-

flection can be brought into the plane of diffraction

for measurement by counter tube methods. Two of

these specimen rotations, designated and x, are

illustrated in Fig. 2. The S.C.O. is useful for meas-

uring the orientation distribution of crystallites

in semicrystalhne polymeric materials since sam-

ple rotations can be performed independent of

the Bragg angle. This provides a direct and con-

venient independent determination of the crystal-

lite orientation distribution from that of the

amorphous regions.

The S.C.O. is a manual instrument, and every

small angular change of a particular axis of rota-

tion must be manually changed and the diffracted

intensity at that angle counted on a scaler. For

the analysis of polymer films the technique is

made more useful by motorizing the drive axis of

rotation and recording the intensity continuously

as the sample is rotated. Two Hagen, Model 52, re-

versible synchronous motors with a shaft output

of 5 rpm, to compensate for the recorder response

time vs. rate of sample rotation, were coupled to

the and x drives through precision pulleys and

belts. Microswitches were installed at the limits

of the X rotation to prevent over-running and

hence possible damage to the equipment. The re-

corder and motors are started simultaneously and

the resulting trace is a direct plot of the diffracted

X-ray intensity vs. the angular displacement of

the sample. In the work described here, nickel

filtered Cu-Ka radiation at 50 kv and 16 ma was

used with the tunnel collimators provided with the

S.C.O.

Several safety precautions were initiated at the

time of installation of this instrument. Scattered

radiation was monitored with a Geiger counter and

by means of radiation badges worn by operating

personnel. In no case did radiation exceed allow-

able levels with the Geiger Counter eight inches

from the unit and radiation badges registered no

scattered radiation reaching the personnel.

In the development of this method for use with

polyethylene terephthalate films, it was necessary

to establish the effects of sample shape and size

on the diffracted intensity. Investigators measuring

the preferred orientation in metals have found it
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necessary, when not using cylindrical samples, to

apply correction factors to account for differ-

ences in sample volume exposed to the X-ray

beam.^' "• " Forming solid cylinders from very

thin polymeric films is undesirable for practical

reasons. Usable orientation distributions are ob-

tainable from single (0.060 in. X 0.001 in.) rec-

tangular film samples, but diffracted intensities are

so low that accuracy suffers. As a consequence, film

packs of stacked films are used to provide practical

intensities. To investigate the effect of shape, a

well-crystallized sample of unoriented polyethyl-

ene terephthalate was formed into a rectangular

prism (approximately 1/16 in. X 1/16 in. X V4 in.).

No differences in intensity vs. angle during any

sample rotation should be found, if sample geom-

etry is unimportant. Such was found to be the case

as shown in Fig. 3. The distribution curves are es-

sentially straight lines and indicate that no pre-

ferred orientation of the crystallites exists in crys-

talHzed cast polyethylene terephthalate films, and

that for practical purposes, the differences in sam-

ple shape are unimportant.

For the analysis of thin films on the S.C.O., a

convenient procedure of sample preparation con-

sists of cutting a number of !4 in. X 1 in. film strips

with the long direction normal to the direction of

stretch. These pieces are carefully stacked in a

vise-type clamp having a M in. depression, to a

depth of about 1/16 in. The clamp is closed and

the laminations trimmed to the thickness of the

clamp with a razor blade. "Duco" cement is ap-

plied to the trimmed edges to hold the laminations

together and when dry, a rectangular sample

1/16 in. X 1/16 in. X i/4 in. is removed with the

stretch direction axis, the long axis of the rec-

tangle.

The sample is mounted on the instrument

goniometer head and ahgned by means of a micro-

scope and finally with the X-ray beam. It has been

the practice in this laboratory, primarily for con-

venience, to ahgn the film surface side of the sam-

ple, normal to the X-ray beam, at a 0° Bragg angle.

General Interpretation. The use of the SCO.
involves a variety of sample rotations about in-

dependent axes to measure the distributions of

crystallite planes relative to reference planes or

crystallite axes relative to reference axes. The dis-

tribution measurements resulting from sample ro-

tations will be designated by letters. For example,

the distribution of an operator plane relative to a

reference plane will be denoted as (v,p) and the

distribution of a crystallite axis relative to a ref-

erence plane by (a,a). These distribution measure-

ments are not to be designated uniplanar or axial

orientation distributions since the orientation defi-

nitions are reserved for the type of spatial distri-

bution of the crystallites in the sample. The orien-

tation distribution of the crystalhtes in the sample

is a composite of individual distribution measure-

ments obtained by sample rotations. This may be

conveniently represented by a three-dimensional

surface and will be the simplest way of describing

the orientation of the crystallites in the sample.

Interpretation of the Orientation Distribu-

tions of a One-Way Stretched Film of Poly-

ethylene Terephthalate. It is convenient, but not

necessary to know the indexing of the unit cell for

the measurement of orientation since a few sample

rotations soon indicate to the experimenter the

existence and type of preferred orientation in the

sample. The unit cell for polyethylene tereph-

thalate has been determined by Daubeny, Bunn

and Brown,^^ and the two planes chosen for the

development of this method are the (100) and

(010), both parallel to the C axis of the unit cell.

Other planes could have been used but flat plate

photographs indicated these to be the most con-

venient. The S.C.O. gives quite specific informa-

tion, so a quahtative idea of the orientation type

was established by photographic methods using

well-oriented, (300 per cent elongation) one-way

stretched film. It is necessary, when taking diffrac-

tion photographs of highly oriented films, to take

several pictures with the sample rotated through

various angles. Otherwise, it is possible to miss

completely some planes, since they are in no posi-

tion to diffract. The photographs of this sample

indicated that the position of the (100) plane was

essentially parallel to the surface of the film and

the C axes oriented parallel to the direction of

stretch. Mences, highly oriented one-way stretched

polyethylene terephthalate film had a uniplanar-

axial type of orientation. To determine the spatial

distribution of the crystallites two rotations are re-

quired on the S.C.O. A (0) rotation about the

direction of stretch will determine the number

of (100) planes diffracting at a given angle, and

hence provide the distribution (p,p) as well

as determine the reference plane. A (x) rota-

tion about an axis perpendicular to this direction

will provide a measure of the alignment of C axes

relative to the axis of stretch (a,a) chosen as the

reference axis. Sample rotations as indicated in

Table 1 were performed and the resulting series of

1000

o
</)

- 500
to

2

O

(?)

$ 100

- 1000

s
CE

X

500

50

100

Fig. 3. Crystallite orientation distributions of

case cry^stalHzed polyethylene terephthalate film.

(100), distribution of (100) planes relative to

the film surface, = 0°; x d^O). distribution of

(100) planes relative to the casting direction, x —
0°.
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Table 1. Polyethylene Terephthalate Stretched 300 Per Cent.

Examine Distributi Sample Rotati Results

670

25.75 100 (p,p) (100) vs. Film sur-

face

25.75 100 {a,a) C axis vs. Stretch

direction

17.35 010 Planes {p,p)
17.35 010 C Axes {a,a)

X = 0> =

cb = 90°X

180° to + 180° Peak at <p = 90'

10° to +90'

P^ = 0°<^ = -180° to +180'

cj, = 25°x = -10° to +90°

Peak at x = 0°

Double Peak at </> = ±25°
Peak at x = (0)° with

saddle

INCIDENT X-RAY BEAM

II

Fig. 4. Origin of the double peaks observed with
(p,p) distributions of (010) planes.

curves examined in terms of a model of the unit
cell. Prior to each rotation the sample was re-

turned to the initial conditions of 2d = 0°, and

The double peak at ± 25° of the (010) plane
produced during the rotation is a consequence
of the triclinic unit cell as shown in Fig. 4. Some
of the (010) planes are in a position to diffract to
the left while others diffract to the right. This
double-peak curve is symmetrical about the 0o
position and provides a frame of reference for
fixing the sample geometry. The x rotation at
26 = 17.35° (010), to determine the distribution of

C axes relative to the stretch direction {a,a), be-
comes comphcated by the tail of another diffrac-

tion peak found to be that_of the (Oil) plane,
producing a saddle. The (Oil) plane has a 29
value of about 16.5° and lies off the equatorial
position in highly oriented specimens. The (x)
rotation of the (100), however, is uncomplicated
by any interference and provides an excellent
means of measuring the distribution of C axes,
since for well-oriented one-way stretched films, the

X rotation of the (010) and (100) planes are
similar in shape when an interpolation is made
across the saddle interference discussed above.
The very strong peak at = 90°, (2d = 25.75), in-

dicates that the (100) plane lies predominantly in
the plane of the film. The orientation distribution
for the sample is then obtained by a series of

sample rotations at various angles of <p and x-

This series of distributions can then be combined
to yield the complete spatial distribution of the

crj^stallites in the sample. Highly oriented one-way
stretched polyethylene terephthalate films ap-

proach the ideal of uniplanar-axial orientation and
the unit cell is situated in terms of the film sheet

as depicted in Fig. 5. If the interpretation is cor-

rect, then the angular difference between the (100)

and (010) planes, as measured here, should agree

with that calculated from a projection along the C
axis of the unit cell. Taking into account the

change in due to the difference in 29 values, the

peaks of the distribution curves yield a value of

60.8° for the interplanar angle, Fig. 6. In normal
use of the Single Cr3^stal Orienter, it is not neces-

saiy to make a correction for due to the change
in 29, since the instrument has been designed to

read the interplanar angle directly. However, the

experimental technicjue used here involved re-

turning the sample to the initial condition 29 = 0°,

and X — 0° prior to each scan. Therefore, this

disrupted the continuity of the angular readings

and the 29 correction was necessary. The value

DIRECTION
OF STRETCH

VIEW NORMAL TO

STRETCH DIRECTION

1/ 0'° ©
DIRECTION

OF STRETCH

VIEW Along the

STRETCH DIRECTION

Fig. 5. Ideal uniplanar axial orientation (100)
planes parallel to film surfaces, C axes parallel to

stretch direction.
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calculated from the unit cell is 59.5°, which is

within the experimental error of the method.

The errors involved in measuring the distribu-

tions are primarily due to the accuracy of counting

and to sample preparation and alignment. At the

counting rates involved here, greater than 1000

counts/sec, counting errors will ordinarily be less

than 5 per cent. Dissymmetry from sample prep-

aration, with stacked film pieces, will account for

a maximum error in vertical alignment of approxi-

mately ± 2°; however, for most samples ± 1° for

a (x) rotation is the usual case. The curve peaks

for a rotation can be read to ± 2°, dependent

on the sharpness of the distribution and the kind

of distribution measured.

Orientation as a Function of Elongation in

Polyethylene Terephthalate Films. The utihty

of this technique is demonstrated by describing

the changes in orientation developed in a film by

stretching, etc. A series of one-way stretched films

of various elongations produced at stretching rates

> 6000 per cent/min were measured on the S.C.O.

to determine the development of orientation dur-

ing processing. All of these films were crystallized

to a density of approximately 1.385 gms/cm'. The

amount of orientation in a polymeric film or fiber

is determined by a number of stretching param-

eters such as stretch rate, temperature, polymer

molecular weight and previous history. These

samples had an intrinsic viscosity of 0.56 in tetra-

chlorethane-phenol (40/60) and were stretched at

85°C from a cast film of apparent density Do5»c =

-12
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Fig. 7. Crystalhte orientation distribution (p,p)

of (100) planes as a function of per cent elonga-

tion, 00 = film surface.

-9
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160 1^0

$ ROTATION

Fig. 6. Angle between the 100 and 010 planes

determined on the single-crystal orienter with one-

way stretched polyethylene terephthalate film,

00 — film surface.

1.333 gms/cm^ To illustrate more clearly the

changes in crystallite orientation occurring at

various elongations, only the distribution curves

at peak maximums are presented. Figure 7 illus-

trates the distribution of (100) planes relative to

the film surface (0o), and Fig. 8 the distribution

of "C" axes relative to the direction of stretch

(xo). These curves indicate that at low elonga-

tions, up to 200 per cent, the (p,p) and {a,a) dis-

tributions are broad and the peaks not well de-

fined. The amount of uniplanar-axial orientation

is small. When an elongation of 250 per cent is

reached, the distributions sharpen appreciably and

the orientation of crystallites in the sample more

closely approaches the ideal uniplanar-axial case

as discussed in the last section. A number of sig-

nificant features are to be noted. First, even at

low elongations (100 per cent), the crystallites

tend to become aligned with the surface of the

film and at higher elongations, the number of (100)

planes relative to the film surface increases rap-

idlv. At about 250 per cent elongation the number

of (100) planes parallel to the film surface is ap-

preciable and this is particularly apparent on ex-

amination of the (010)(p,,p) distributions. Fig. 9.

At low elongations only a single peak is found

due to the overlapping of the adjacent peaks, but

at 250 per cent elongation, the two separate peaks

due to cell ''orientation" emerge and become sig-

nificantlv sharper. Secondly, the distribution of C

axes shows that at 100 per cent elongation, a split-

ting of the (100) peak occurs 12 to 15° out of the
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Fig. 8. Distribution of C axes (a,a) as a function
of percent elongation for one way stretched films

(x = is the stretch direction).

direction of stretch. At 200 per cent elongation,

the expected single peak is generated, becoming
sharper at higher elongations. The distributions

also show that a small fraction of the crystallites

are never moved from a position 90° from the
stretch direction. At xw° , the tails of the dis-

tribution curves are very shghtly higher than at

some intermediate angle and most curves have a
minimum not at 90°. This indicates that a small
but finite fraction of the crystallites are extremely
difficult to move. This observation agrees with
recent work of Holmes and Palmer^'' with poly-
ethylene. The sphttmg of the equatorial peaks has
been explained in other polymers^^ as due to hehcal
coiling or to a twisted ribbon configuration. This
explanation cannot be valid here because of the
high (p,p) order developed. If a twisted ribbon
were present, then the (100) planes would be
randomly distributed about the axis of stretch

and the (p,p) distributions appear as a straight

line. Since this is not the case, one must conclude
that at low elongations the crystalhtes ahgn at

some angle off the stretch direction, this angle be-
coming smaller as elongations are increased. With
suitable choice of and x rotations, sufficient in-

formation can be developed to express the dis-

tributions of these films in the form of three-

dimensional models, providing a graphic picture of

the spatial distribution of the crystallites.

Recently, Dulmage and Geddes^^ have shown
from their work with polyethylene terephthalate
films the problems that occur using birefringence

as a measurement of total orientation. They re-

port the necessity of using an average transverse

refractive index, taking into account the thickness

direction polarization. For the film samples dis-

cussed here, the refractive index in the three film

dimensions are shown in Fig. 10. The refractive

index in the direction of stretch increases with
increasing elongation and is presumably a measure
of total ''orientation" in that direction. The trans-

verse refractive index, however, passes through a

minimum at about the same elongation that the

X-ray data indicates a sharpening of the ip,p)
distribution. As a consequence of this minimum,
birefringence as a measurement of total orientation

is misleading since it indicates little change above
250 per cent elongation, whereas in fact, the orien-

tation of C axes is becoming significantly greater.

We find the maximum refractive index a more
trustworthy indication of total ''orientation" if

corrections are applied for the enhancement of

refraction due to the crystallinity, by dividing the
refractive index by the density. This we call an
"orientation index."

Crystallite Orientation Distributions of Two-
Way Stretched Films. The analysis of one-way
stretched films has developed a picture of the
crystallite orientation produced during one-way
stretching. To generate the same type of informa-
tion for two-way stretched films, a similar scheme
of sample rotations was used with the S.C.O. with
polyethylene terephthalate as the example. Due to
the more highly developed parallelism of the (100)
plane to the film surface in two-way stretching the

(J
° (010)

Fig. 9. Distribution of (010) planes (p,p) as a
function of per cent elongation. The coordinate
system has been translated so that the peaks are
symmetrical about the 0<, position (0 = 0°, 2^ =
17.35°).
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use of both the (100) and (010) planes is possible.

A rotation about the initial direction of stretch

using the (100) plane provides a distribution curve

(p,p) and an x rotation normal to this direction

using the (010) provides the distribution of C
axes from the first to second directions of stretch.

Another choice exists for defining the distribu-

tion of C axes in two-way stretched polyethylene

terephthalate films. This is the (105) plane at 2d =
42.8°. This plane is situated almost normal to the

C axis, and is the more logical candidate for use in

determining the distribution of C axes. Unfortu-

nately, its use is limited due to marked interfer-

ence from some other plane. The information

obtained from x(OlO)^"'"^ and xi^Oby"'"' dis-

tributions is almost _ identical, however, in those

samples where the (105) has little or no interfer-

ence. For this work, the (010) is the better over-all

choice.

In Figs. 11 and 12 are given the (p,p) and (a,a)

distributions for a series of two-way stretched

films of constant first direction elongation and
varied second direction elongation. Immediately
evident is the fact that the orientation of the films

change from uniplanar-axial to uniplanar. Another

significant feature is the increased parallelism of

the (100) plane to the film surface as second direc-

tion stretching is imposed. Those crystallites al-

most parallel to the film surface from the first

direction stretch are forced into greater parallelism

with the film surface during the second direction

stretch.

The distribution of the C axes of the crystallites

200% X 250%

200% X 200%

^- 200% X 150%

Fig. U. Distribution of (100) planes relative to

the film surface (0 = 0°) as a function of elonga-

tion in the second direction of stretch.

150 200 250
ELONGATION, %

Fig. 10. Refractive index vs. per cent elongation
of one way stretched polyethylene terephthalate
films.

as the second direction stretch is imposed is given

in Fig. 12. The number of crystallites moved from

the initial direction of stretch are distributed from
one stretch direction to the other, depending on

the amount of elongation. It is interesting to note

from these distributions that the C axes do not

spread out uniformly at small elongations but that

a gross structural shift occurs in the initial stages

of second direction stretch. The reasons for this

are not readily apparent to us. In the optimum
case of a perfectly balanced film, there will be no
preferred direction of the C axes of the crystallites

and the resultant orientation would be classed as

uniplanar. In this ideal case the crystallites would
be oriented in the film as shown in Fig. 13.

Conclusions. The method described above for

quantitatively determining the crystallite orienta-

tion distributions has provided a unique insight

into the orientation of the crystallites in polymeric

films. Theoretical distribution functions must take

into consideration the following factors:

1. The generation of several types of crystallite

distributions that can occur simultaneously.

2. That a small, but finite fraction of the crys-

talHtes, remains undisturbed at right angles to the

direction of stretch during one-way stretching.

3. The distribution of crystallite axes below a

given level of stretch is not uniformly distributed

about a maximum in the direction of stretch.

The distributions obtained are useful in de-

scribing the differences between film samples as a

function of crystallite orientation. Hermans^^ and
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Fig. 12. Distribution of "C" axes relative to the

first direction stretch (x = 0°) as a function of per

cent elongation in the second direction of stretch.

2nd stretch

DISTRIBUTION OF

2ND. stretch
DIRECTION

Fig. 13. Ideal uniplanar orientation approxi-

mated by balanced two-way stretched, polyethyl-

ene terephthalate film.

others have done this successfully with cellulose

by use of the Polanyi sphere^" and this approach is

applicable here. However, other mathematical ex-

pressions can be developed which uniquely define

both the (p,jd) and {a,a) distributions for poly-

meric films.

References

1. Hermans, P. H., ''Contribution to the Physics

of Cellulose Fibers," New York, American
Elsevier Publishing Co., 1946.

2. Kuhn, W., and Griin. F., KoUoid. Z. 101, 248

(1942)

3. Sisson, W. A., and Clark, G. L., Ind. Eng.
Chevi. Anal. Ed. 5, 296 (1933)

4. Kratkv, 0., KoUoid. Z. 64, 213 (1933)

5. Tavlor, G. R., and Darin, S. R., J. App. Phys.

26, 1075 (1955)

6. Alexander. L., Ohlberg, S., and Taylor, G. R.,

J. App. Phijs. 26, 1068 (1955)

7. Stein, R. S., and Xorris, F. H., J. Polymer Sci.

21,381 (1956)

8. Keller, A., and Sandeman, I., J. Polymer Sci.

15,133 (1955)

9. Fraser, R. D. B., J. Chem. Phys. 28, 1113

(1958)
10. Bunn, C. W., "Chemical Crystallography,"

London. Oxford University Press, 1946.

11. Furnas, Jr., T. C and Harker, D., Rev. Sci.

Inst. 26, U9 (1955)

12. Decker, B. F.. Asp, E. T., and Harker, D., J.

App.'Phys. 19,388(1948)
13. Schultz, L. G., J. App. Phys. 20, 1030 (1949)

14. Field, M., and Merchant, M. E., /. App. Phys.

20,741 (1949)

15. Daubenv, R. deP., Bunn, C. W., and Brown,
C. J.,^ Proc. Roy. Sac, London A226, 531

( 1954)

16. Holmes, D. R., and Palmer, R. P., J. Polymer
Sci. 31, 345 (1958)

17. Keller, A.. J. Polymer Sci. 15, 31 (1955)

18. Dulmage, W. J., and Geddes, A. L., J. Polymer
Sci. 31, 499 (1958)

19. Hermans, J. J., Hermans, P. H., Vermaas, D.,

and Weidinger, A., Rec. Trav. Chim. 65,
427 (1946)

20. Polanyi, M., Z. Physik 7, 149 (1921)

R. L. Burton .and C. J. Heffelfixger

ORIENTATION OF CRYSTALLINE MATERIAL IN SHEETS,

ESPECIALLY PAPER

X-ray diffraction patterns can quite generally

be used to obtain the orientation of crystalline

material in any object. For sheets (e.g., polymer

films or paper) perpendicular irradiation will yield

the orientation in the plane of the sheet (xy orien-

tation), and parallel irradiation yields the extent of

tilt which the crystalline material possesses with

respect to the plane of the sheet {z orientation).

Suitable crystallographic planes should of course

be present in the sheet. In paper, e.g., the (002)

planes of the native cellulose crystallites (occur-

ring in the wood fibers) can be used. These planes

are parallel to the crystallographic b axis, in which

direction the cellulose chains run. Figure 1 shows

how the (002) lattice planes give rise to a dif-

fraction ring, if the plane is allowed all orientations

in space. Following Polanyi we will take the point

where the normal to a lattice plane cuts through

a unit sphere as representative of that plane. In

Fig. 1 only those planes whose normals he on the

so-called reflection circle R will contribute to the

diffraction ring. The diffraction ring will be of non-
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uniform intensity if the density of normals on the

reflection circle is nonuniform, and this in turn

indicates preferential orientation of the lattice

plane under consideration.

In Fig. 2 this is illustrated for a sheet of paper.

The plane xy represents the plane of the paper.

If we assume first that all h axes of the crystalhtes

are parallel to the a;-coordinate, but allow rota-

x-rays

Fig. 1. Diffraction from the lattice plane PQ oc-

curs if sin e = \/2d. If the plane is rotated around
at fixed 6, the normal n cuts out the reflection

circle R on the unit sphere.

tional freedom around the b axes, all (002) repre-

sentative points will lie on the equator of the unit

sphere. If the b axes can take random positions

in the xy plane, a uniform density of points on the

sphere will result. In reahty, a machined paper will

exhibit a preferential orientation of b axes inter-

mediate between these two extremes. This is in-

dicated in Fig. 2 by the horizontal shading. The
x-coordinate is here taken as the machine direc-

tion.

Turning now to the z orientation, we know that

a uniform density of representative points will re-

sult if we allow the b axes to take random orienta-

tions in the z direction. In reality, the b axes are

usually restricted to a certain amount of deviation

from the xy plane. This means that crystallites

with their b axes in the xz plane will have repre-

sentative points in a horizontal band around the

equator, rather than having all points precisely on

the equator as in the case of b \\ x. Allowing now
the b axes to rotate freely in the xy plane, we ob-

tain a nonuniform density of representative points,

indicated in Fig. 2 by the vertical shading.

The superposition of the z and xy distribution

of (002) points represents a typical paper. If one

irradiates this sheet perpendicular to the xy plane,

the reflection circle R ±, cutting through the

sphere, meets a higher density of representative

points around the equator than at higher elevation.

As a result, the diffraction ring will have more in-

tense arcs around the horizontal than around the

X-rays

Fig. 2. The extent of the shading indicates the density of the (002) representative points

on the unit sphere for a sheet of paper, held in the xy plane. On perpendicular and parallel

irradiation, arcs of varying intensity, instead of uniform diffraction rings, are formed on the

films.
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Fig. 3. Jig to hold a stack of paper sheets for

parallel irradiation, used to determine z orienta-

tion.

\ Flat

1 1 1 1

paper /

1 1 1 1

Crepe

1 1 1 1

paper

1 1 1 1

Pressed paper mass

1 1 1 1 1 1 1 I

AO 120 16080

Angle

Fig. 4. Z orientation curves obtained for various

papers by scanning the (002) diffraction ring,

vertical. The ratio of maximum to minimum in-

tensity or the half-width of the arcs can be taken

as an xy orientation index.

Irradiating subsequently parallel to the xy plane,

the reflection circle R || again meets a nonuniform

density of representative points. In this case, there

is a slight complication due to the fact that the xy

orientation contributes also to the nonuniformity

of representative points along R || . One can elimi-

nate this complication simply by using a number
of parallel sheets stacked crosswise as far as

machine direction is concerned (see Fig. 3). The
nonuniformity is now due solely to z orientation

and the ratio of maximum to minimum intensity

or the half-width of the arcs can be taken as a pure

z orientation index (see Fig. 4).

It should be remarked that what one measures is

the orientation of the crystalline material in the

sheet. This does not always coincide with the ori-

entation of the morphological units of which the

sheets are made. In the case of paper, e.g., the

crystalline cellulose is deposited in fibrils which

are spirally wound around the wood fiber axis. The
fibrils contain the cellulose crystalhtes with the h

axis parallel to the fibrillar axis. If the morphology

of the fiber is completely known, one can calculate

the fiber orientation from the experimentally ob-

tained crystallite orientation. Since, however, the

spiral angle in wood fibers varies with the type of

wood, it becomes necessary to use sheets made
from the same kind of pulp if one wishes to study

the influence of various papermaking conditions.

For experimental arrangements reference is

made to the literature.
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ORIENTATION OF LARGE SINGLE CRYSTALS BY MEANS

OF X-RAY DIFFRACTION, APPARATUS FOR

X-rays have been used for many years as a

means of orienting single crystals, particularly in

the case of crystals in which the external faces are

not well developed, such as metal crystals. The

basis for this usage originated with the experi-

ment by von Laue, et al} in which the wave nature

of X-ray was proven. These investigators, in their

initial experiment, placed a copper sulfate crystal

in an X-ray beam and recorded photographically

arcs of spots, each spot resulting from those X-rays

diffracted by a particular crystallographic plane.

The spots within an arc represent a zone of

planes. This type of photograph has become known

as a "Laue photograph" or a "Laue pattern."

A single crystal or a large crystal in an aggregate

may be oriented from a Laue back reflection

photograph using the Greninger chart^ to transfer

the diffraction spots to a stereographic net. In

order to be able to do this accurately, the film to

specimen distance must be fixed, usually at 2 cm.

The diffraction spots when plotted on the stereo-

graphic net become the poles of the reflecting

planes. From the angular relationships between the

poles, the planes can be identified and the proper

Miller Indices may be assigned, thus giving the

orientation of the crystal.

If the crystal is sufiiciently thin so that there is

a hmited loss in intensity due to absorption, the

transmission Laue photograph may be used. A
Leonhart chart^' * is used to transfer the diffraction

spots to the stereographic net. Again, the points

plotted on the stereographic net are the poles of

the reflecting planes. The orientation of a crystal

can be determined from the stereographic net in

the case of the back reflection Laue method.

Apparatus Using a Di£fractoineter. There is a

newer method which offers improved accuracy in

orienting single crystals. This method makes use of

the X-ray diffractometer with its associated radia-

tion detector and electronic circuitry. The dif-
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fractometer makes it possible to measure angles

more accurately and thereby improve the accuracy

of orientation determination.

If a filtered, essentially monochromatic, X-ray

beam irradiates a single crystal, the crystal will

diffract the beam when parallel crystallographic

planes are in a position to obey Bragg's Law. The

chances of this happening in the case of a crystal

placed randomly in the X-ray beam are infinitely

small. In order to improve the chances it is neces-

sary to be able to rotate the crystal about two

mutually perpendicular axes. Then the crystal can

be positioned so that virtually any crystallographic

plane will obey Bragg's Law, thus diffracting the

X-ray beam. If a detector such as a Geiger-Muller

tube is placed at the proper 2d angle, it will receive

the beam diffracted by planes having the corre-

sponding Miller Index. The value of 26 is of course

calculated from Bragg's Law inserting the value of

the d spacing for the crystalographic planes of in-

terest in the particular crystal. Figure 1 is a

schematic diagram of the orientation of the crystal

relative to the X-ray beam and the detector.

The angles that must be determined in the proc-

ess of orienting a single crystal are labeled and

7 in Fig. L However, a is more easily measured.

The angle ^ is the angle between the specimen

pole and the diffraction plane, while a is the angle

between the incident beam and the specimen sur-

face. The relationship between a and is given

as follows

:

DETECTOR

ie, - «i)

Similarly

7i — 72

= -id

180°

(1)

(2)

The angle y is the angle of rotation about the

specimen pole. It should be noted that two differ-

ent sets of values for a and y may be obtained

for any given set of reflecting planes.

In order to use this technique for crystal orien-

tation, a device such as that shown in Fig. 2 was
constructed. It is operated in the following

manner:
The detector is positioned at some angle 29 such

that it will be able to detect an X-ray beam dif-

fracted from planes in the crystal having a par-

ticular Miller Index. Some angle a is selected on
the vertical protractor. The specimen is then ro-

tated so that 7 goes through 360°. If one of the

planes moves into the proper position to diffract,

then the detector will receive the diffracted radia-

tion, giving rise to a marked increase in the count
rate which will be indicated by a rapid movement
of the indicator on the strip chart recorder. If, for

this particular crystallographic plane, the beam is

not diffracted, the angle a is changed a small
amount and the process repeated until a plane is

properly oriented.

When a plane diffracts the X-ray beam so that

the detector gives a signal, the angles a and y are

determined accurately. The angle is calculated

by Eq. (1). Figure 3 is a stereographic net in

which the angle y is represented by a rotation of

the projection about the center of the stereo-

FiG. L Relationships between axis of rotation of

poles of specimens and crystal planes-diffractom-

eter method of crystal orientation.

Fig. 2. Single crystal orienting device on a
Norelco Diffractometer (less shielding).

graphic net. Since the pole of the specimen is the

center of the stereographic net, the angle <p is

measured from the center to give the position of

the pole of the diffracting plane. This process is

repeated twice to give poles of two other planes

within the particular family of planes. This essen-

tially gives the orientation of the crj^stal, since by
knowing the position of any three poles in a stereo-

graphic net all other poles can be plotted from the

known angular relationships between poles.

The accuracy of this method is determined

largely by the design of the apparatus and the

collimation system used. Since the intensity of the

diffracted X-ray beam is quite high, a rather fine

slit sj'-stem may be used. In general, the accuracy

of the measurement of the angles 0, a and y is

the limiting factor. Considering this factor, prob-
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Fig. 3. Method of plotting data from diffractometer orientation of a single crystal.

ably a single crystal can be determined with an

accuracy of ±1° which is at least as good for film

methods.
A second apparatus for the orientation of single

crystals is based on the device developed for the

Schultz method' for obtaining texture in rolled

metals. As before, the detector of the diffractome-

ter is set at the calculated 2 d angle to receive the

diffracted X-ray beam from the selected crystallo-

graphic plane in the single crystal. The crj^stal is

placed on the stage of the Schultz device. The

oscillatory motion is not needed, therefore this

part of the stage is locked in a fixed position.

The Schultz device is rotated to some angle a

as shown in Fig. 4. The specimen stage is revolved

at the rate of two revolutions per minute about

the specimen pole. In other words, 7 changes at

the rate of 12° per second. While this occurs, the

specimen is tilted relative to the X-ray beam
about an axis lying in the plane defined by the

incident beam and the reflected beam and lying

on the specimen surface. This tilting occurs at the

rate of 1° per minute. The angle that the specimen

pole makes with the vertical plane is defined as /3

as shown in Fig. 1.

When the crystal is at the correct combination

of a, 7, and j8, the X-ray beam is diffracted into

the detector. The signal from the detector is

transmitted to the scaler unit which causes an

increase in the signal to the count rate meter. The

input to the count rate meter is ampHfied so that

when the signal to the count rate meter is suffi-

cient to cause a deflection to about 30 per cent of

full scale, the amplified signal closes a relay and an

alarm sounds. When this occurs, the operator

determines the precise value of a, jS, and 7, manu-

ally. The angle is calculated from a according

toEq. (1). Then the pole of the diffracting plane

is plotted on a stereographic net using the angles

e, a, and /3, as shown in Fig. 3. As before, the proc-

ess is repeated to obtain the poles of two addi-

tional planes which will permit the orientation of

the crystal. This modification of existing equip-

ment permits semiautomatic operation so that

only a limited amount of operator time is re-

quired for the actual determination. Most of the

time the operation requires no attention. As be-

fore, the limitations of accuracy depend upon the

measurement of a, /3, and 7 which should be

measurable to the nearest degree.

A third method making use of a Geiger-Muller

as a detector is described by James .^ The device

this author has constructed permits the rotation

of the crystal allowing changes in the angles a

and /3, as shown in Fig. 1. The angle is calcu-

lated as before from Eq. (1). The pole of the
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Fig. 4. Single crystal orienting device using the
Schultz apparatus.

reflecting plane is plotted on the stereogvaphic

net using as shown in Fig. 3, with the exception
that there is no rotary motion 7 about the axis of

the net.

Apparatus Using Laue Patterns. Since a crys-

tal can be oriented from a Laue photograph, it

also is possible to orient a crystal by visually ob-
serving the Laue pattern on an intensifying screen.

This basis for the apparatus was constructed by
DeBarr.^ This apparatus consists of a three-circle

goniometer to permit the manipulation of the
crystal giving the desired Laue pattern. Since the

(310) planes give a high intensity diffraction spot,

the operator manipulates the crystal to give a
symmetrical pattern of the reflections from these

planes. The angles determined from the goni-
ometer permit a plotting of the (310) planes on a
stereographic net, thus giving the orientation of

the crystal.

A more recent development^" makes use of the

observation of the transmission Laue pattern, us-

ing an X-ray image intensifier. Here again, the

crystal is manipulated by means of flexible cables

connected to the goniometer. The operator rotates

the crystal until the desired Laue transmission
pattern appears on the intensifier screen. By
determining the angle on the goniometer, the
crystal may be oriented.
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OSCILLATING CRYSTAL METHOD. See Diffraction of

X-Rays: Basic Apparatus and Techniques.

OSSEOUS TISSUE. See Absorptiometry, X-Ray, of Osseous
Tissue.

OXIDE MIXTURE ANALYSES FOR V, Cu, Mo, Ti

Ni BY FlUORESCENCE SPECTROMETRY

Co AND

Rapid and precise procedures were needed to

study the composition of mixed oxides at various

steps during their preparation and utilization. No
simple wet chemical or colorimetric method exists

for the quantitative determination of vanadium
in the presence of molybdenum. The use of X-ray
fluorescence as an analytical tool has advanced
rapidly since 1948 when equipment became avail-

able commercially. It permits generally the analy-

sis of multiple components present in a sample
without separation of the interfering elements

prior to measurement. In addition, it offers ad-

vantages of speed and accuracy seldom found in

other analytical methods.
Analytical Method. Apparatus.
1. Norelco Universal Vacuum X-ray Spectro-

graph equipped with an FA 60 tungsten target

X-ray tube, a lithium fluoride analyzing crystal

and a flow proportional counter.

2. Laboratorj^ Centrifuge equipped with 15 ml
centrifuge tubes and capable of 1500 rpm.
Reagents.

1. Sulfuric acid—concentrated, reagent grade.

2. Ammonium sulfate—reagent grade.

3. Ammonium metavanadate, reagent grade.

4. Cupric sulfate—CuSO,-5HoO.
5. Ammonium molybdate, (XHJi, Mo024-4H£0
—reagent grade.

6. Titanium dioxide—rutile.

7. Cobaltous sulfate,

grade.

8. Nickelous sulfate.

CoSO,-7H,0—reagent

XiSOi-6H20—reagent
grade.

Calibration

Stock standard solutions of concentration equal

to 1 g element per 100 ml are made up by dissolv-

ing the appropriate amount of reagent and 5 g
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Table 1. X-ray Spectrograph Settings.

W Tube: 40 kv, 25 ma
LiF Crystal—Air Path

Flow Proportional Counter

Pulse Height Detec- 2 e
Analyzer

?^s^ Window
Line

tor
High

Voltage
B.G. Ka

V 12 18 1675 75.00 77.05

Cu 18 15 1675 46.50 44.95

Mo 9 12 1600 23.00 20.50

Ti 9 6 1675 88.00 86.20

Co 21 15 1650 54.50 52.80

Ni 21 15 1650 23.00 48.80

of ammonium sulfate in 20 ml of concentrated

sulfuric acid and diluting this solution to 100 ml

with water. The concentration of the titanium

stock standard solution equals 50 mg per 100 ml.

100 ml of a composite solution containing 150 mg
of vanadium and 10 mg of each of the other

elements is used to determine the instrument panel

settings. Table 1 shows the settings necessary to

obtain maximum resolution for each element con-

sidered in a sulfuric acid—ammonium sulfate solu-

tion.

The calibration curves shown in Fig. 1 are es-

tablished by determining the net count per sec-

ond (cps at Ka peak-cps at chosen background)

for each element present in 3 standard solutions.

The curves show a straight-hne relationship be-

tween the net cps and concentration within the

range to be used.

Procedure. Transfer approximately 0.2 g of

finely ground sample (-100 mesh), weighed to the

nearest milligram into a 100 ml volumetric flask.

Add 20 ml of concentrated sulfuric acid and 5 g

of ammonium sulfate. After 2 to 3 minutes of

gentle boiling, the solution is cooled to room
temperature and diluted to 100 ml. Prior to analy-

sis a 25 ml ahquot portion of the solution is centri-

fuged at 1500 rpm for 10 minutes. This operation

permits the separation of undissolved silica which

is present in certain samples and which would

interfere during X-ray measurement.

Transfer approximately 8 ml of the clear super-

natant solution to a plastic cup and cover the cup

with a 0.00025-in. "Mylar" film window. Place the

sample container into the spectrograph and set the

instrument panel in accordance with Table 1 for

each element to be analyzed. For each element the

counts per second are determined at the corre-

sponding 2(9 angle for Ka peak and background.

To increase the accuracy of the measurement a

minimum counting time of 3 minutes is used and

all measurements are made in duplicate.

Discussion. The use of the Pulse Height Ana-

lyzer permits the measuring of radiation charac-

teristic of the element being determined and dis-

criminates against foreign radiations. In addition,

this electronic component of the instrument in-

creases the peak-to-background ratio and thereby

increases the sensitivity.

Preliminary investigation showed that serious

matrix effects were obtained when soHd powder

samples were used. To minimize such difficulties

and facilitate the preparation of standard mixtures,

the solution technique of sample handling was

adopted.

The presence of relatively insoluble oxides such

" 10(/

Molybdenum

^anadium

ig. of element per 100 ml.

100 150

Fig. 1. Calibration curves.
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as TiOs requires the use of boiling concentrated

sulfuric acid in the presence of ammonium sulfate

to achieve complete solubility of the sample. A
plastic cup sample container and a piece of Mylar
film in contact with 20 per cent sulfuric acid solu-

tion showed no deterioration over a period of 48

hours, thus demonstrating the safe use of such

solution media in the instrument chamber.

The matrix effects were studied by determining

in duplicate and taking the average values of the

net counts per second of each element present in

6 series of standard solution. The series of solutions

were prepared to contain per 100 ml, 200 mg
vanadium + 20 mg of each element in binary

mixtures and 200 mg vanadium + 20 mg of each

of the other 5 elements in composite mixtures. In

addition, for each minor component series, stand-

ard solutions were prepared to contain per 100 ml,

20 mg of the element + 20 mg of each of the

other minor elements in binary mixtures. Each
element series was composed of a minimum of 6

different standard solutions. The mean net count,

the standard deviation and the per cent standard

deviation for each series of element as shown
in Table 2 were computed from the net counts of

that element obtained for each standard solution

series. In certain cases, as for the copper series,

composite mixtures with various concentrations of

copper were included in the study. The relatively

low percent standard deviations shown in Table 2

indicate that no significant matrix effect exists

in the composition range investigated.

To save time the background counts are made
on the same solution for each Ka 2(9 angle at ad-

jacent angles where the background count is low.

Except for the vanadium calibration curve which
passes by the coordinate origin all others intercept

the cps axis. However, it has been found that the

ordinates of the calibration curves at zero concen-

tration are reproducible and constant. If back-

ground corrections are made by counting a blank
solution at the Ka 26 angles all the curves inter-

cept the coordinate origin.

To compensate variations in the instrument per-

formance from day to day a standard composite
solution is counted before each series of deter-

minations. It was found that in most cases varia-

tions less than 1 per cent occur and therefore the

original calibration curves are used for calculation.

In the event that the variations are greater than

1 per cent, new calibration curves are established

by counting a standard composite solution and one
of its dilutions.

Table 3, recovery study of elements from vari-

ous synthetic mixtures, shows a minimum mean
deviation of 0.6 per cent for molybdenum and a

maximum mean deviation of 1.5 per cent for cop-

per.

The reproducibility appears to vary from a min-
imum of 2 per cent relative for vanadium to a

maximum of 5 per cent relative for copper and
nickel; other elements are between these limits.

Preliminary studies for the determination of

phosphorus in concentration equal to 5 mg per
100 ml and in the same matrix as described therein

indicated that only very low sensitivity could be

Table 2. Matrix Effects.

Count Per Second Number %
Series

MeanNetCount St^dar^ SS Std.
Deviation

V 1024.6 5.1 7 0.5
Cu 293.5 7.6 9 2.6

Mo 84.3 2.4 7 2.8

Ti 25.3 0.8 6 3.0

Co 371.7 1.0 6 0.3

Ni 520.9 11.8 8 2.3

Table 3. Recovery Study.

Elements

Ifudied
Minimum Maximum

Mean
Deviation

in%

V 5 99.1 102.9 0.8

Ni 3 98.3 101.8 1.5

Mo 4 99.0 100.8 0.6

Co 2 100.3 101.7 0.7

Cu 2 100.1 104.2 1.5

obtained. For this purpose an EDDT crystal was
used.

In conclusion, the aqueous solution method has

several advantages over the solid sample method.
1. No significant matrix effect.

2. No specific surface area or finish on the sam-
ple is necessary.

3. A uniform distribution of each element

within the sample exists.

4. The concentration of the sample can be re-

duced accurately several hundred times, if neces-

sary.

5. The means of addition of internal standards

to eliminate any inter-element effect, or instru-

ment variations, is simplified.

6. One standard sample with several of its

dilutions is sufficient to estabhsh working curves.

References

1. Fagel, J. E., Jr., Liebhafsky, H. A., and Zamany,
P. D., Anal. Chem. 30, 1918 (1958)

2. Houk, W. W., and Silverman, L., Anal. Chem.
31,1069 (1959)

3. Jones, R. W., and Ashlev, R. W., Anal. Chem.
31, 1629 (1959)

E. D. PlERRON AND R. H. MuNCH

OXIDES. See Deformations of Structure in Antiferromag-

netic Monoxides.

OXIDES: NONSTOICHIOMETRIC AND MIXED VALENCE

A nonstoichiometric compound may be defined

as a single-phase material which does not conform
to the law of combining proportions—that is, the

elements are not combined in the ratio of small

whole numbers. Nonstoichiometrv results in
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crystals having vacancies (missing atoms) or

interstitials (atoms located in positions not

usually occupied). Vacancies are quite common,
particularly in the metal site. In wiistite, FeO, it

is not clear that it is even possible to form the

stoichiometric product. It is quite clear, however,

that large numbers of iron vacancies exist re-

sulting in Fei_xO where x equals the number of

iron vacancies. !• ^- ^ If Ti02 is heated in a reducing

atmosphere, oxygen vacancies are presumably

created giving TiOo-j .*

Nonstoichiometry resulting from the presence

of interstitials has been demonstrated in the case

of Zui+^O^ and UO2+X .' '

In some cases, vacancies may occur in both

sites. In TiOi±j: even at stoichiometry about 15

per cent vacancies occur in both sites. Departures

from the stoichiometric compositions are effected

by filling in one or other vacancy.^' ^' ^'^' ^^

When the departure from stoichiometry is rea-

sonably large a combination of X-ray lattice

parameter measurements and density measure-

ments may be used to determine directly whether

vacancies or interstitials are present. At the same

time the measurement of lattice parameters as a

function of composition may be used to establish

the width of the phase field. These techniques

have been applied in the case of Fei_xO, VOo+x
,

TiOi±T cited above.

Nonstoichiometry also creates an electrical un-

balance in the lattice. In order to regain electrical

balance, ions in the lattice must be oxidized or

reduced. Since transition metals are easily changed

in valence their compounds most frequently show

reasonably large departures from stoichiometry.

For example, in the nonstoichiometric oxide

Nii_x O, the electrically balanced formula might be

written as Ni|-3a:NiJr^ |NiJxO= where |Ni| indicates

the nickel vacancy. The presence of the small

fraction of ions having an altered valence, i.e.,

Ni+3, results in the material increasing in elec-

trical conductivity. This increase in conductivity

comes about from the ability of the extra plus

charge on nickel +3 to move from one nickel to

another. This gives hole conductivity in semi-

conductor terminology. Electrical measurements

are particularly useful in determining deviations

from stoichiometry that are too small to be

measured by X-ray although such changes do not

indicate whether the nonstoichiometr}^ results

from vacancies or interstitials.

The magnitude of the departure from stoichi-

ometry of a given compound depends on both the

temperature and the atmosphere used in prepara-

tion. Increasing firing temperature increases the

magnitude of departure from stoichiometry that

is possible. This effect results from a consideration

of the entropy of formation of the vacancies or

interstitials. 12 ^ particularly good example of the

effect of temperature occurs in the phase field of

UO2 which widens rapidly with increased tempera-

ture.^^

The effect of the firing atmosphere has also

been studied. For example, NiO interacts with

an oxygen atmosphere in the following way

(1 - a:) NiO + x/2 Oo ^ NitTaxNit' |Ni|xO=.

By applying a mass action approach which assumes

a random distribution of \^^ and Ni+3 over all

metal sites a number of workers^' ^^' ^^ have

demonstrated that the departure from stoichi-

ometry, i.e., X increases in a prescribed way with

the oxygen pressure at a given temperature.

In the past few 3'ears, the concept of vacancies

as being randomly distributed even at very large

vacancy concentration has been challenged pri-

marily by the work of Magneli. In a study of the

departure of TiOo from stoichiometry, Magneli^^

found that what had been believed to be a very

wide phase field of Ti02-i was actually composed

of a number of compositions of the type Ti„02,i_i

where n varies from 4 to 10 in the composition

range TiOi.75 to TiOi.9 . Magneli refers to this as a

homologous series. The powder patterns of this

series are very closely related and show a stepwise

approach to rutile. Magneli required a Guinier

focusing camera used with monochromatic CuKai
radiation to resolve the small differences. The

results suggest regularly distributed atomic dis-

locations. It is probable ^hat random vacancies

may still occur at very low vacancy concentra-

tions, TiOi.98 to Ti02. Such a homologous series

has also been shown in the (Mo, W)„03»-i series

based on the ReOg struct ure.^^ It has also been

suggested in the case of UO2+X .^^ These findings

indicate that statistical approaches based on a

random distribution of vacancies must be used

with care and that a reevaluation of many non-

stoichiometric compounds may be in order.

Changes in vacancy concentration or alteration

of valences may be induced by substituting foreign

ions into the crystal lattice. To cause such changes

the foreign ion must differ in valence from the ion

being replaced. In addition, the foreign ion must

be nearly equal is size to the ion being replaced

in order for substitution to be possible.

An example of an alteration of valence is lithium

substituted nickel oxide, Lix+Nia^_2x)Nii+30=.

Here nickel is oxidized to +3 in an amount equal

to the monovalent lithium substituted. The

amount of substitution may be measured by

determining the X-ray lattice parameter of the

rock-salt unit cell, the oxidizing powder of the

Ni^^ or the electrical conductivity. i^' ^^

An example of vacancies produced by a substi-

tution of a foreign ion is the cubic calcium sta-

bilized zirconia. Here calcium ions substitute in

the fluorite lattice for zirconia. To maintain

electrical neutrality without modifying valences

the oxygen lattice contains oxygen vacancies

equal in number to the calcium present, i.e.,

CafZrtilx)Or-x [Olx . The vacancies have been

demonstrated by combining X-ray and density

measurements. 20' 21^ 22 jn this case, the material is

an oxygen ion conductor at elevated temperatures

due to the presence of the large concentrations of

oxygen vacancies. ^^

The choice between mixed valence formation

and vacancy formation as a result of the intro-
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duction of a foreign ion of differing charge depends

on the relative energies of formation involved.

Clearly, Ni+3 is easier to form than Zr+5 as can be

seen from the ionization potentials or from the

consideration that the formation of Zr+^ involves

the difficult removal of an electron from a filled

shell while the formation of Ni+^ involves only

the removal of another d electron from a partially

filled shell.

It is possible in some cases to go from the

vacancy situation to the mixed valence situation

by controlling conditions. An example of such a

change is PbS which has been substituted by
monovalent silver (or in the case of the opposite

sign trivalent bismuth) .2* Here the sulfide vacancy
concentration may be decreased while a corre-

sponding increase takes place in the concentration

of the ion with the altered valence. This is done

by increasing the sulfur pressure over the material.

Ag.+iPb?x'_.)Sr-./2 |S|./2 + a:/4S2

Ag.+iPb.+3pbt!o,S=.

In mixed valence compounds the direction of

the change of lattice parameter with substitution

is linked to the sign of the charge carrier provided

the foreign atom is equal in size to the ion being

replaced. In LiJ^Nix+^Ni"-!2a;0= the lattice pa-

rameter decreases with increased Ni^^ content

since Ni+^ is smaller than Ni+^.is This material

behaves as a p-type semiconductor due to the

presence of Ni+^ as did nonstoichiometric Nii_xO.

On the other hand, in titanium substituted

hematite24 Ti^+^Fet-2:cFe:c+^0r, the lattice in-

creases in size with x due to the conversion of

Fe+3 to the larger Fe+2. The extra negative charge

on Fe+2 gives n-type conductivity. In a more
complicated case, Li^ (CoyNii_y)i_a;0, it was shown
by lattice parameter measurements and a knowl-
edge of ionic radii that cobalt is preferentially in

the -f 3 state. 26 This X-ray result was borne out

b}^ electrical measurements. ^^

This brief presentation is by no means ex-

haustive. A few simple examples were used to

illustrate various general characteristics. No
mention was made of a number of widely studied

crystal structures such as the spinel, perovskite

and zinc blend. The illustrations were entirely

taken from the chalcogenides—mainly, oxides.

Similar behavior may be found in other classes of

materials.
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PACKING OF MOLECULES. See Triglyceride Structures.

PAIR PRODUCTION. See Attenuation, X-Ray; Quality,

X-Ray.

PALEONTOLOGY, RADIOGRAPHY IN

Within a few months after the discovery of

X-rays in 1895, Bruhl (1896)* in Germany and

Lemoine (1896)'' in France independently demon-

strated the usefulness of radiography in the study

of fossils. Since that time several papers concern-

ing X-ray techniques in paleontology have been

published in Germany, France, Italy, Russia and

the United States. Unfortunately, many of the

early papers were either published in radiological

journals, hence escaping the attention of most

paleontologists, or were not illustrated adequately

to convince the reader of the usefulness of the

technique. As a result, radiographic techniques in

paleontology were not developed in a systematic

manner, that is, each investigator building upon

the foundation established by his predecessor.

The technique was discovered and rediscovered

but was not perfected to its full potential. Sur-

prisingly few paleontologists, therefore, utilize

X-rays as a standard technique m their research,

notable exceptions being Lehmann, Peyer and

Zangrel.

The type of data and amount of detail obtain-

able by radiography in the study of both verte-

brate and invertebrate fossils, however, are truly

remarkable. Where density difference between the

fossil and surrounding matrix is sufficient an X-ray

picture will clearly delineate the position, distri-

bution and characteristics of fossils enclosed within

the rock. This has proved to be an invaluable aid

in the preparation and cleaning of many rare and

delicate specimens, for the precise location of

each part of the fossil is clearly established,

thereby greatly reducing chances of destruction

when the fossil is being uncovered.

An example of a radiograph showing details of a

fossil enclosed within a rock slab is shown in Fig.

1. Part A is a photograph of specimen of Green

River shale from Wyoming, noted for its excel-

lent preservation of fossil fish. In a search for a

fossil within this rock one would have to rely

entirely upon the chance of sphtting the speci-

men exactly at the horizon where the fossil was

buried. A radiograph of this specimen is shown in

part B. Remarkable details of an excellent speci-

men of a fossil fish are clearly shown in the center

of the radiograph. Individual bones of most parts

of the fish are well preserved although the head

Fig. 1. Slab of shale from the Green River For-

mation (Eocene) of Wyoming. A. Photograph of

slab showing only isolated pieces of bone material

on surface. B. Radiograph of same rock showing

imbedded skeleton of well-known teleost fish,

Priscacara.

seems to be somewhat deformed. Additional fossil

debris is located in the lower left corner of the

specimen.

If only identification is required. sufficient in-

684
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formation may be obtainable from a radiograph

alone so that the specimen need not be exhumed
at all. This eliminates much of the tedious and
time-consuming work involved in prehminary

cleaning and preparing of specimens and permits

detailed statistical studies of groups of fossils that

would otherwise be completely impractical. In

paleontologic work with small specimens, radiog-

raphy provides an accurate record of the burial

position of the fossil and the conditions under

which it was preserved. If both the vertical and

horizontal distribution of fossil material are to be

studied, stereoscopic radiography may be used to

great advantage.

Radiography also constitutes a very important

tool in the study of the morphology and internal

structures of fossils after they have been removed

Fig. 2. Photographs and X-rays of two Tertiary
gastropods illustrating detail of internal features
obtainable by using radiographs. A and C, Caricella
from the Claiborne Group (Eocene) of Alabama.
B and D, Tympanatonus from Miocene rocks near
Bordelais, France. Note especially the conispiral
growth form, sohd pillar formed by inner walls of
the shell (columella), and the radiographic ex-
pression of the ornamentation (IX).

Fig. 3. Radiograph of the common Recent
nautiloid Nautilus pompilius from the Philippine

Islands. Details of growth form, septa separating

gas-filled chambers and tube (siphuncle) that leads

from the initial to the living chamber are clearly

shown with moderate dodging by LogEtronic
printing (V2X).

from the enclosing matrix (Fig. 2). It is useful

not only in the study of skulls of vertebrates and

internal features of invertebrates but microradiog-

raphy can be successfully used in the study of

microfossils. Without radiography, studies of in-

ternal structures can be made only by sectioning,

which partly or completely destroys the specimen.

At best, this technique is a laborious and time-

consuming task. Radiography, however, constitutes

a completely nondestructive method of studying

internal morphology and may provide more accu-

rate information than sectioning. For example, in

some fossil groups such as sponges, pores that were

previously thought to be simple circular openings

have been found to be a network of complex
spirals. Such relationships are clearly shown on
stereoscopic radiographs and are especially sig-

nificant in studies of morphology, taxonomy and

evolutionary trends.

The value of radiography in paleontology de-

pends upon both the type of fossils being studied

and the mode of preservation. A density contrast

between the fossil material and the enclosing ma-
trix is of primary importance. If, in the process of

fossilization, the original material has been re-

placed by some dense mineral, excellent results

may be obtained, whereas if the fossil remains

consist only of a thin carbonaceous fihn, good re-

sults are unhkely.

Both medical and industrial X-ray equipment

are entirelv satisfactory as a source of radiation
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in making radiographs of fossils. Exposure factors

will vary a great deal depending on the type of

rock involved and the thickness of the specimen.

For most work with rocks less than two inches

thick adequate penetrating power can be ob-

tained from 20 to 140 kv. Obviously a certain

amount of preliminary experimentation is neces-

sary to determine optimum exposure factors for

each rock type, thickness and fossil material. An
adequate setting for sandstone, shales, or lime-

stones between 3 and 8 mm thick would be ap-

proximately 40 k, 35 ma at two seconds from a

distance of one meter. Eastman Type M film or

its equivalent is recommended, although medical

nonscreen film is entirely satisfactory.
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PARACRYSTALS*

The theory of paracrystals concerns the inter-

ference effects of quasi-periodic structures. It ap-

plies to atomic structure in distorted crj'stals

cr^'stalline melts or liquids and to appropriate col-

loidal structures, as, for example, in natural and
synthetic fibers. It is applicable in equal fashion to

analysis of breadths of diffraction reflections in

the wide-angle range, and breadths of the eventu-

ally discontinuous small-angle reflections.

The special paracrj^stalline states of order,

which have frequently been discussed in connec-

tion with crystalline liquids, have been designated

according to the proposal of G. FriedeU as meso-

jiwrphic structures, in contrast with the idea of

paracrystals suggested by F. Rinne,^ who char-

acterized the originally discussed nematic and
smectic structures as a-paracrystalline and jS-para-

cr^^stalline (Fig. 1). In order to be able to describe

the state of order in a general paracrystalline lat-

tice, there should be noted according to Hosemann
besides the three average lattice translations Ck ,

which alone define an ideally periodic point lattice,

in addition nine fluctuation parameters gik . For
each of the three lattice translations there are

three of these (Fig. 2). Besides there are involved

coupling-parameters which provide information

as to the character of the lattice distortion, that

is, whether there is distortion in short-range or

long-range order or whether there exist complex
coupling-forms between the distortions of neigh-

boring lattice cells.

If the scattering substances under investigation

are built up from a large number of arbitrarily

oriented crystallites, interest is essentially limited

only to ga since the interference diagrams in this

* Translated from the German by the Editor.
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case can give no evidence of mixed indices Qik-

(i ^ k). In the ideally periodic lattice all fluctua-

tion parameters ga are equal to zero. Opposed to

this the nematic structures qualitatively can be

designated

:

gu = <^22 = 20 per cent, g^i = Qn = 100 per cent,

gsi = 932 = 100 per cent, gss = 20 per cent,

gn = ^23 = 20 per cent.

Similarly the smectic structures can be identified

as follows:

g^^ = go., = 20 per cent,

^31 = ^32 =

= gio = 100 per cent,

per cent, gzs = per cent,

gi3 = g-iz = 100 per cent.

The statements per cent and 100 per cent refer

respectively to a rigid and a completely lacking

position correlation between neighboring lattice

building units. For a badly constructed but not

to be neglected position correlation between
neighboring lattice building units a fluctuation

value of 20 per cent is chosen. If the lateral ar-

rangement is not taken arbitrarily (^21 = 6^12 = 100

per cent) as above, but, for example, hexagonal,

then the ^21 and gii can assume smaller values or

even equal zero.

Smectic and nematic states of order are obvi-

ously favored by rodlet lattice building units.

These enter correspondingly into consideration of

crystalline liquids, particularly in the atomistic

structure of many high polymers, and in equal

fashion in the colloidal structure of stretched

linear polymers in which the microfibrils play the

role of the rodlet lattice building units. In the col-

loidal structure of the keratins Bear and Rugo
observed well-formed general paracrystals. Prac-

tically infinitely extended ideal crystals produce,

at least theoretically, infinitely sharp interference

maxima. On the other hand, limitless, drawn-out

iVni'i'i

nematisch

nil III mil mil

iiiiiiiiiiiiiiiiii

iiiiiiiiiiiiiiiii

smektisch

Ideal es Schichtgitter

parakristal lines Schichtgitter

Fig. 1. Two-dimensional schematic representa-
tion of a nematic and a smectic structure. The lat-

ter can be pictured in a certain way as an idealized

layer lattice, also illustrated. Certainly the inter-

mediate steps between the nematic and smectic
structures can be designated paracrystalline lat-

tices.

^33.,-

^h3

L
^32..

^&22 ,?

A,2

^2
X, ^H

Fig. 2. Average lattice translations Ct and fluctu-

ation parameters guz in a paracrystalline space
lattice.

paracrystals produce diffraction line broadening,

which in general increases with order number of

the reflections more rapidly the greater the lattice

distortions for the time being are. The analysis of

these reflection breadths provides quantitative

information concerning the fluctuation parameter

gik

.

In the diffraction diagrams of small crystallites

or paracrystallites there is observed an extension

of the reciprocal additional reflection broadening
of the crystallites, which indicates a crystallite

size effect. This effect can be distinguished from
the broadening due to distortions, when the size

distribution of the crystallites and the lattice

disturbances can be separately analyzed. To this

end Warren and Averbach,^ as well as Kochen-
dorfer and Wolfsstieg,^ have proposed a practically

hypothesis-free method, by which by all means so

many parameters are considered that it can be

handled only with great difficulty and with
scarcely a glance at the diff'erent forms of distor-

tion and their interpretation from interference

diagrams. The relationships can indeed be greatly

simplified by processes in which by plausible as-

sumptions, with reference to the above-mentioned
coupling parameters, special forms of distortion

are defined and these then specifically considered.

Especially it is possible to direct attention to the

so-called distortions of the first and second kinds,

which refer to the short-range or long-range order

respectively in scattering materials. Distortions

of the first kind are, for example, realized in the

ideal temperature distvirbances according to

Debye and Waller. This provides important effects

upon short-range order, without leading to a loss

in long-range order, while distortions of the second
kind possess fluid statistical character, so that

along with effects on short-range order the long-

range order also is lost. Distortions of the second
kind are completely treated by Hosemann^ in the

theory of ideal paracrystals, in which a one-di-

mensional calculation by Zernicke and Prins and
by J. J. Hermans is generalized for three-dimen-

sional structures.

Principles of the Theory. In the case of

negligible lattice distortions the theory of para-
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crystals goes over to the classical crystal theory

in which belongs the Patterson function defined by

Patt(a;')

/ p{x + x')p{x) dvx

•^cell

/ p{x) dVx

•^cell

(1)

Herein p{x) refers to the local electron densities

in the scattering material, while x and x' are two

position vectors independent of each other with

the corresponding volume elements dvx and dvx'

.

If necessary Eq. (1) can be applied to thermally

distorted ideal crystals in which case the tempo-

rary average value is considered. It loses its mean-
ing as soon as 'frozen-in' lattice distortions are

involved, since it then depends upon the statis-

tically accidental form of the lattice cells over

which the integrals in Eq. (1) extend. As the basis

for the interference theory of paracrystals accord-

ingly there is chosen the mean in the expression

/ p{x -^ x')p{x) dVx

Patt(a:') = [Q{x')l = lim -^ (2)

>(x) dv.

over the different resulting expressions in Eq. (1)

for the different lattice cells of the paracrystals.

The Patterson functions in Eqs. (1) and (2)

give the probabilities that a scattering center will

exist at the position x -\- x' , \i such is found at

position x. The probability of scattering centers

at two arbitrary positions x and x -i- a;' is given by
the expression

p[Q{x')V (3)

in which the average scattering center density

p{x) dVx (4)

is equal to the probability that a scattering center

will be found at the arbitrary position x.

If in the structure p (x) there is only an endlessly

extended long-range order, the expanded Patter-

son function of Eq. (2) with
|
x

]

-^ oo approaches

the average density p, since in this case for suffi-

ciently large values of
|
x'

|
the function values

p(x -\- x') and p(x) are independent of each other.

Hence there can be written

lim / p(x -f x')p(x) dVx = lim pi p(x) dVx

from which directly follows

[Q(xO]m-^P for |x'1-^ ^

The term

[Qix')] - p ^ Oi for
I

x'
I

-^ CO (5)

exists on this account only within the so-called

working range. If Eq. (2) is applied to a colloidal

structure, the small-angle scattering also must be

considered. Thus the expanded Patterson function

defined bj^

[Q{x% '(xO

is combined with the known correlation function

7(x') = lim

/ ?/(x + x') ^(x) dv,

^ X

I y-ix) dVx

of Debye and Biiche from the theory of small

-

angle scattering, in which y{x) = p(x) — p is the

deviation of the localized electron densitj^ from
the average value expressed in Eq. (4), and

lim
Vx \.

(X) dV:

is the average of the density squared.

In connection with the structural conception of

Hosemann the expanded Patterson function of Eq.

(2) can be represented as a normalized Q-function,

whereb}' the Q-function of a volume-limited struc-

ture ps\x) is defined by the special fold product

indicated by the fold square (see Fold (Convolu-

tion, Faltungs) Integral).

Q{x ') = / p. (x + x') ps(x) dVx

In distinguishing from the Patterson function the

Q-function involves no normalized distance statis-

tics whatever, but rather the total frequency of all

distances. According^ the Q-function exists only

for spatially limited structures.

The structure ps(x) of a crystal or paracrystal

can be described by the product of a suitable

Ewald form function

s(x) = (6)

which can assume exclusively the value zero or

one , depending upon whether the point x lies within

or without the crystallite, for an infinitely ex-

tended structure p(x). Thus there results the ex-

pression ps{x) = p(x)-s(x). If one assumes tem-

porarily the form given by s(x) to be filled with

scattering centers homogeneously with density p,

so the Q-function of the 'structure' ps{x) reads:

/
[-ps{x) }

= p' §2(^0 = pM s(-^ + ^')s(x) dVx. (7)

In origin for x' = the fold square of the form

function is merely equal to the volume V of the

sample. This gives
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s2(o) = / s(x)six) dv^ I s{x) dv^ V. (8)

With increasing a;' s'^{x') in general monotonically

decreases toward zero, so that it becomes equal

to zero for the diameter of the sample volume. For

distances s{x) greater than the diameter there is

no change in s{x). When the form function s{x) is

not homogeneously filled with scattering centers,

the probability of distances (Eq. [3]) must be

even more explicitly borne in mind, and the factor

i52 in Eq. (7) is replaced by p[Q{x)]^ . For the

Q-function of the bounded structure Ps{x) there

follows the expression

Q{x') = pmx')]lKx') = p Patt(x') s^{x'). (9)

As a simplification the so-called point structure is

chosen instead of any other structure

P(x) = Y. p{x - x,J (10)

fcl23

wherein the Ewald point function defined by

p{x - Xkxis) =0, for
I

a; - Xkm
|
> 5 = 0,

dth / p(x XkioJ dv^ = 1

(11)

describes the lattice points or the mass points of

the lattice building units. Since p(x) will be writ-

ten for a paracrystalline point lattice, the lattice

points can be numerically distinguished in the

positions Xki , ki , h (shortened to Xkuz) by the

three indices ki , ki , kz . Through the differences

Xki-\-\ ,k2,kz Xki , ki , kzj Xki , ki+l , ks Xki , k2 , kz

Xki , ki , kz+l — Xki ,k2,kz

it is evident the statistically varying cell edge
vectors are given. As can be easily shown and is

apparent without question, the normalized Q-
function of p{x) reads as follows:

[Qv{x')\

00 / 1 N{V)

P123 \v^oo J^y^) ki2S

Xkuz])
)
= JL hp,,^{x'}

/ P123

(12)

^A:i23+P123 Xk\-!z\ ) I — 7> f^Dvyz{X )

Thereby the so-called partial statistics

I
N(V)

Km(x') = lim ——- J2 P{x' - \xknz+pnz
F-« N{V) A:i23 (13)

- Xknz]), with h^prn^x') = hp,^^{-x')

is utilized to distinguish under the condition of

distance x' between lattice points, the cell edges,

pi , in the 1-direction, p2 cell edges in the 2-direc-

tion and ps cell edges in the 3-direction. N'iV) is

the number of lattice points in the integrated

volume Vx (see Eq. [2]). The triple summation in

hpinix) extends over N(V) normalized point

functions. Regarding the factor 1/N (V) all partial

statistics are therefore normalized to one:

/ hpi2zix') dvx = 1, for all pm. (14)

Especially the constant point-form statistics cor-

respond to the distance 'zero' of each lattice point

to itself

h,,,{x') = P{x' - 0), (15)

Independent of the size and type of lattice dis-

tortions for the time being the mass points

C, j x'k.pnzix') dvj

1
N{V)

•^^•'^ -AT/TrN 2^ \Xki2z+pnz Xknz)
V->^ N{V) A;i23

(16)

of the partial statistics are arranged ideally

periodically. For example there applies for the

average cell edge vector in the 1-direction:

I
N(V)

Cioo = lim , - 2_/ (xki+i,k2,ks — Xki,k2.kz)

F-*oo ^ \y ) fcl2 3

or after translation of ki to fci -f 1

I
N(V)

Cioo = lim XI (xki+2 , k2 , kz — a-fci+i . fc2 , a-s)

y->oo A/(K) fci23

For the sum of these two expressions it follows

obviously

26 100

= lim

N{V)

Zl iXki-^l . A-2 . kz — Xki . k2 , kz) = C'20

In similar fashion it is found in general

Cpi2z = PiCioo + P2C010 + P3C00]

.

(17)

The Q-function of a paracrystalline point struc-

ture limited by s{x), Eq. (6), is analogous to Eq.

(9) given by

Here

Qp{x') = — [Qp{x')lsKx')
1 r

1 1 r— = lim — / p{x) dVx

(18)

(19)

is the average point density in p{x) (see Eq. [4]).

If the bounded structure p {x)s (x) does not consist

of only a few lattice cells, then the fold square in

comparison to the edge lengths of the lattice cells

falls off to zero so slowly that s{x') meanwhile in

the existence range of the single partial statistics

practically can be set equal to Picp^z)- Instead of

Eq. (18) the following expression holds:

1 °°

Qp{x') = — X hpioz{x')s'-(cj:
y^ i P123

(20)
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On the other hand if the working range (Eq. [5])

in all three dimensions is very small in comparison

with the spread of s^(x'), then the latter term

within the total working range can be expressed

by §2(0) = V (Eq. [8]). There is obtained then

U-r') = y Y^p(x% -
^^

+ y/sKx'). (21)

Herein the form function s„,(a:') can be introduced

for the working range itself. If this term within

the working range equals one, besides, however

being equal to zero, there results

[QpCxOl--. (22)[Qp{x')l - yl sAx')

The Fourier transform of the Q-function is desig-

nated as an intensity function lib). Its intersec-

tion with the Ewald sphere of diffraction gives

apart from structure-independent correction

factors the experimentally observed scattering in-

tensities. From Eq. (18) , bearing in mind the Fold

theorem in which the product of two functions in

the Fourier transformation goes over into the

fold integral of the single transform -

/p(6) Z{b) \S{b) (23)

where is a shortened method of writing

the fold integral, and

1
S{b) |2 = F{sHx')} (23a)

as the so-called form factor which describes the

crystal size effect, where F{---] is a shortened

expression for the Fourier integral and b with

2 sin d

describes the position vector in Fourier space.

Z{b) = F{[Q,{x%
\Pl2Z

ix') (23b)

is the so-called lattice factor. Eq. (23) forms the

basis for the analysis of reflection broadening in

the interference diagram of a paracrystal. While

through the form factor the crystallite size effect

is accounted for, the lattice factor describes

the reflection broadening produced by lattice

distortions. The fold product of the lattice

and the form factors describes an overlapping of

these two phenomena, wherein the corresponding

integral breadths Bz and Bs , depending on the

exact course of the functions, Z{b) and \S{b)\^, are

additive approximately linearly (B z -{- Bs) or

rather quadratically {VBz^ + Bs^)- Regarding

the fluctuation of the point structures no atomic

form factors or structure factors, or generally

speaking, no building unit factors, enter into Eq.

(23). This is without meaning in the proposed

connection since the building unit factor prac-

tically is without effect on the reflection breadths.

The transform of Eq. (21) by observing Eq. (22)

runs as follows:

Kb) = ^ Izib) -^P(b - o)\ SM
Vr

(24)

+
y^,

1
Sib) 1^

with

and

SAb) = F\SUx')\

Pib - o) = F
(f.)

The working range, S^ix'), acts in definite man-

ner as "crystallite size" and accordingly demon-

strates a crystallite size effect. It is unmistakably

clear from the following relation arising from Eq.

(22)

Zib) - y pib - o)} S^Xb) = Zib)

(25)

— P(b - o)

y r

that already the lattice maxima with the exception

of the zero order maximum

(f,™)

show a breadth which at least is equal to Swib),

so that the fold in Eq. (25) produce no additional

broadening. If also, for example, in the diffuse

reflections in the diffraction diagrams of 'amor-

phous' high polymers a crystallite size of only one

or two lattice cells is indicated, it cannot be said

that actually such small crystallites are exhibited.

The size of the working range in a strongly dis-

torted paracrystallite is even more clearly fixed as

an unknown size. If the working range has a size

of about one lattice cell, so in the corresponding

Q-function only partial statistics of the first order

appear to apply while all higher partial statistics

are so washed out that they overlap to a practi-

cally constant course of the functions.

The relationship expressed by Eq. (24) can be

essentially refined in consideration of the fact

that for each chosen unit 9 fluctuation parameters,

Qik , define each working range, and therefore nine

different working range form-functions result. In

addition the close -range and far-range are to be

distinguished.

The General Paracrystal. The Fourier trans-

formations of the partial statistics are given by

FlKjx')] = {H',Jb)+m,,Me-'''''''^-^' (26)

when
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and

Hp,,Sb) = ^.F{K,Jx + CpJ - K^^^{-x - CpJ\

in which the transformations are even or odd

parts of /ipi23 (^ + Cpm)- By observation of the

symmetry properties of the Fourier integral there

follows for the general paracrystalline lattice

factor

Z{h) = F{[QAx)],}

= Z (Hp^2z(b) cos 2x6cp^,3

Pl23

+ mXb) sin 2x6cp,J.

(27)

Here the term pi = ?>2 = Ps = on account of

F{P{b -0)} =1 (seeEq. [15]) is identical in 6 = 1.

Furthermore, all cosine functions in the reciprocal

lattice points hh,^^ , in which the scalar products

ibh,^,Cioo) = hi, (bh.^^coio) = h2, {bh^,,Cooi) = h (28)

with simultaneous whole number values hi ,
ho

, hz

(Miller indices), are equal to one, according to

Eq. (17); and all sine functions are equal to zero.

Accordingly, the cosine terms characterize sym-
metrical maxima in the reciprocal lattice points,

which are so much sharper and higher, the greater

the wave harmonic content in the lattice momen-
tarily, and the closer to the value one the con-

cerned values of i/p^^s (^)- ^^^ ^^^^ members

provide a trifling symmetric deformation of the

maxima above mentioned, in the case where H"^^^

(6) does not entirely vanish, and also some of the

particle statistics hp^^^ (x), with reference to the

mass points Cp^^s are unsymmetrical.

If the lattice factor is integrated over the re-

ciprocal lattice cells concerned, only complete

periodicity will be attained by all cosine and sine

members, since the total integral contributes

practically nothing. An exception is produced only

by the term pi = p2 = Ps = 0, or equal to one with

b identical. In good approximation the following

expression results

/
Z{b) dvb = Vb =

'"ioo<^oio<"ooi V
(29)

where Vb is the cell volume in the reciprocal lattice.

Independent of the degree of distortion for the

time being the Hp^^^ according to Eq. (14) ap-

proaches one in each case with 6-^0 and the

Hp^^^ according to Hp^^^ (6) = —Hp^^^ approaches

zero. The maximum of the zeroth order (hi = ho =
hs = 0) in Z (b) on this account, independent of

the degree of distortion, is always point -shaped,

so that for any lattice factor

Z(b) = VbP{b - o) for 6 = (30)

holds. (See Eq. [25]). By all means under the

point function for 6 = if necessary there

can be a small amount of diffuse background.
In the ideal periodic lattice all partial statistics of

point form are equal to P(x .), all H'
identical in b equal to one, and all H'^^^^ equal zero.

With this on account of the over-all limitlessly

high harmonic values there appear exclusively

point-form maxima in the lattice factor which ac-

cording to Eq. (29) is given by

Z{b) = VbT. Pib - bhj
hl23

(31)

V r hnz

The bh^^i are thereby defined by Eq. (28). The

^Pi23 except in extreme cases falls off with increas-

ing
I

6
1
in general so rapidly monotonically to

zero, that the corresponding partial statistics /ip^^j

are washed out. On this account in the existence

range for the time being the particular lattice

maxima of Z{b) can be considered as practically

constant. Neglecting for the sake of simplicity the

sine terms in Eq. (27) it follows that the maxima
for Z(b) through three-dimensional Fourier sum-

mation with the coefficients H'p^^^{bh^^^) are ob-

tainable. The Fourier analysis of the particular

lattice maxima leads directly to the Fourier coef-

ficients ^Pl23(^^23) from w^hich the partial statistics

Knz(^) can be derived. Since the Roentgen dia-

gram by no means makes it possible alone to know
the lattice factor, but after elimination of the

building unit factor (atomic or molecular form

factor, structure factor, etc.) yields the fold prod-

uct Z(b)\S(b)\^ (see Eq. [23]), it is possible by

the analysis of the experimentally determined re-

flection profile to proceed to use Eq. (20) instead of

Eq. (23b). The Fourier coefficients P(cpi23)-H''pi23 (6^3)

resulting thereby with commensurate ease can be

resolved into the P{cp^^^) and H'p^.^^ibh,^^), since

only the H'p^^^ depends upon the order /1123 of the

pertinent analyzed reflections, while the 8^(^33123)

is the same for all reflections. Upon this fact is

based the evaluation procedures of Warren and

Averbach, and of Kochendorfer and Wolfssteig.

The authors named have discussed only the cor-

responding one-dimensional problem, in which

they limit themselves to the radial profile of the

Debye-Scherrer diffraction rings. Since the pro-

cedure given by them can also be applied with

success in the small angle range, for example, to

the known long-spacing interferences in stretched

linear polymers, a discussion of the complete

three-dimensional relationships is useful.

Lattice Distortions of the First Kind. Lat-

tice distortions of the first kind disturb the close-

range order without leading to a loss of long-range

order. An example of this is the ideal temperature

distortion of Deb^'-e and Waller, for which for all

partial statistics except for the statistics hooix)

the following expression can be written:
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KM') = dKx')P(x' - CpJ [Qp(x%= Z {^ ~dK: 3)1

d\x' - CpJ wwith / d-{x' ) dv.' = 1
(32)

Here d(x) gives the distribution of distances be-

tween the structural mass points and in turn the

ideally periodic ordered ideal points appropriate

at the time. The normalized Q-function in Eq. (12)

in this case runs

[Qp{x% = P{x') + dKx') £ P{x' - c,J
^12352^000

or after incorporation of zizd^ix')

[QAx')l = Pix') - dKx') + ~dKx') E Pix' - c,J

From this expression there follows for the lattice

factor (compare Eq. [31])

Z{b) = \l - DKb)]

1 - (33)

Vr /H2 3

where D2 (6) = F{dHx)} is the so-called Debye
factor, which decreases from one for 6 = with

increasing
|
6

|
in general monotonicalh' to zero.

Accordingly, the diffuse background given by the

expression enclosed in brackets in Eq. 33 increases

from zero for 6 = with increasing
|
6

|
to one, in

general monotonically. In the different directions

under rapidly changing circumstances, the struc-

tural mass points carr}' out no isotropic oscilla-

tions about their ideal positions but demonstrate

preferred vibration directions. Among the total of

9 gik , then, only 3 differ from each other. The
Debye factor on this account acts as a damping
effect on the point-form lattice maxima P (6 —

bh^^t), so that Eq. (29) here applies not alone for

the lattice maxima but inclusively the diffuse

background.
The working range is extended without limit in

spite of the temperature disturbance. The lattice

maxima in Eq. (33) on this account are in agree-

ment with Eq. (24) in being sharp without limit.

Besides, a close-range action can be defined, w^hich

in the case considered herewith is smaller than a

single lattice cell, since already the partial statis-

tics of the first order show the final breadth of

fluctuations.

If coupled thermal lattice oscillations occur

then Eq. (32) is true not only for the statistics

hoooix') but also for further low-indexed partial

statistics. These are indeed not point-shaped as is

the case with hoooix'), but they possess not yet the

final fluctuation breadth given by dHx). For the

normalized Q-function in this case one has the

following expression

+ dKx') Z P{x' - c.).

Here the sums £ • • • run from — Pi , —Pi, —Pz
^123

to +Pi ,
+P2 ,

+P3 . Obviously the size of short-

range order is fixed by P123 • The resulting lattice

factor

Z(6) = F
/^23

Vl2 3

hp,M') - d-{x' - Cp^

+ D-Hb) - T. P{b - b.)

(34)

includes again point-form maxima P {b — bh^^z)

damped through the Debye factor, which refers to

the long-range action extended without limit,

while the first term in Eq. (34) describes the dif-

fuse maxima underlying P(6 - bh,.^). The expres-

sion

f\ E K,,(x') - d^ix'

in formal analogy to the intensity function of a

generalized paracrystal can be discussed with the

partial statistics /p,„(x') = hp^^,{x') - dHx' -

Cp,23) and a crystallite size given by P123 • The mass

points of /pi23 are obviously arranged in the same

fashion as the /ipj„ . The diffuse maxima of the

first term occur also as the second term in the

reciprocal lattice points. Their breadth can be

found from size given by the P123 of the close-range

working domain.

In crystallized high polymers the lattice points

in the direction of the chain molecules are coupled

frequently practically rigidly with each other,

while those transverse thereto are practically free

to oscillate. If the chain molecules lie parallel to

the a-3-axis, there is derived in this case for the

partial statistics

hop^ix') = P{X' - C0OP3)

00

hp^') = Hx') Z P{x' - CpJ
Pl23

when pi , P2 ^ and with this the normalized

Q-function

00

[Qp{x% = {P(x') - dKx')) Z P(^' - C00P3)

+ dKx') E P(^' - cpJ
Pl23

Accordingly the lattice factor appears as follows
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Z(6) = (l-DKb))— Z^(&3- h,)
Cool hz

+ DKb) - J: P(b - b,J

(35)

where the sum describes the lattice planes parallel

to the 61 — bi planes in the reciprocal lattice. The
thermal background for this special coupling is

limited to these lattice planes alone. In agreement

with this the short-range working domain in the

xi — xi direction obviously is smaller than the

corresponding lattice translations. In the Xs-direc-

tion the close-range working domain is extended

without limit in the same way as the long-range

domain.
Lattice Distortion of the Second Kind.

Fluid-statistical lattice distortions, the so-called

distortions of the second kind, cause the loss of

long-range order and are connected with the cor-

responding broadening of the lattice maxima of

Z (5 ) . An especially instructive and synoptic model

has been developed by Hosemann in the interfer-

ence theory of ideal paracrystals. Hosemann as-

sumes that all cell edge vectors which proceed

from one and the same lattice point are statisti-

cally independent of each other. The higher partial

statistics can then be produced as the fold product

of three ground or coordination statistics. With
the statistics /iioo = hi and /loio = hi for the cell

edges in the 1- and 2-direction there is obtained

for example for the statistics /ino of a face diagonal

the following relations, if the face diagonals are

designated by x and the edge vectors in the 1- and

2-direction y and z respectively. First x = y + z

is valid, whereby the probability in any one cell

is met that a certain combination y, z, occurs, is

equal to the product of the single probabilities

hi (y) and hi (2) also being equal to hi {y)h2 {z). Now
not only the special cell edge combination y,z

leads to a certain diagonal vector x, but to a far

greater extent to all combinations y, z = x — y

which are mutually considered. For the total prob-

ability for the occurrence of a certain diagonal

vector to be obtained it is necessary to integrate

over the divided probability hi{y)hi{x — y) of all

favorable combinations y,z = x — y. ^o there is

found for the diagonal statistics /iiio(a:) the fold

product

hm{x)
I

hi {y)h'i{x — y) dvy = hi{x)h'^{x)

= hiooix) hmix)

In the same way the higher partial statistics are

given by multiple fold products of the ground or

coordination statistics. This produces

= hi{x) hiix) • • •

I

7?i
I

times; pi >

or according to Eq. (13a)

h {x) = hii-x) hi{-x) ••• hii-x)
^100

= hii—x)h2{—x) • • •

I
pi

I

times; for pi <

or according to Eq. (15)

hp.Jx) = p{x - 0), ior pi =

The analogous expressions apply for /lop^o and /loopj

,

and when combined as hpus = hp,oohop^hoop3 ac-

cording to Eq. (12) there follows:

[Qfix)], = E hpjx) Z hop.oix) E hoopS^). (36)

Pl P2 "3

These basic statistical concepts of the ideal para-

crystal are by all means consistent only under the

limiting condition that all lattice cells have the

form of parallelopipeds or parallelograms (Fig. 3).

This is seen according to an unpublished communi-

cation of Porod (Graz). The diagonal vector x of a

plane two-dimensional lattice cell with the edge

vectors yo and yi , or Zo and Zi is given by x = yo +
Zi = yi -\- Zq. From this there is obtained for the

difference vector u of the opposing edge vectors:

u = zi — Zi = yi — ya or for the squared quantity

w2 = (21 - zo) (yi - yo). The average value of the

corresponding squares in the lattice cells col-

lectively obviously runs as follows

:

M^ = Ziyi + zoyo — Zoyi — Ziyo = 2iziyi — Ziyo)

If now the edge vectors zi and yi , or zi and yo as

above required are statistically independent of

each other, since they proceed from the same lat-

tice point, then

p? = 2{ziiji — Ziyo) = 0.

This is only possible if the total difference vectors

disappear whereupon the above-mentioned conse-

quences ensue. In spite of this limiting require-

ment the model of the ideal paracrystal especially

for research on strongly distorted structures has

significant meaning. Quantitative results which

can be obtained upon the basis of this model

should prove to be unlimited through an analj^sis

according to Warren and Averbach or Kochendor-

fer and Wolfssteig, so far as the experimental data

available permit.

With regard to the fold theorem there is derived

from Eq. (36) the following lattice factor of the

ideal paracrystal

Zib) = FliQpix)],}

Z Hpjb) E Ho,Ab) Z ^oo.3(&)

(37)

with

Hpjb) = F{hpjx)} = (HMf^ for pi >

Hpjb) = (Fi*(&))l'^l for pi<0
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H,Jb) = 1 for PI =

and analogously for Hop^o and i/oops ,
in which the

Hi , H2 and Hz are the transforms of the coordina-

tion statistics hi = /iioo ,
h2 = Aoio and hz = /looi

and Hfc* the conjugate complex to Hk . The three

sums in Eq. (37) are designated the K-factors

Fig. 4. Schematic representation of the ivi-factor

in the bi-bs plane. The thin shces or disks K' be-
come broader and more diffuse with increasing

distance from the origin (b ~ ) ; they are ob-
ser\'able only within the iv-limits. On this account
in the example shown onh' the disks up to the
third order appear. This corresponds according to

Equation 43 to a degree of distortion of gn — 8%.

(Fig. 4). Bearing in mind the summation formula
for a geometric series there is obtained

K,ih) = 1 + 2 Re Y. Hl'<(b)

«4* #'^

Fig. 3. Model and hght-optical Fraunhofer inter-

ference pattern of a 2-dimensional paracrystal. It

is easily observed that the reflection breadths in

the interference pattern increase with the order of

the reflections.

1 + 2 Re
Hk — Hk

1 - Hk \
\

Here Re . . . refers to the real part of the last

complex expression. The term Hi^(b) approaches

zero with X -^ =c except for 6 = 0, since
|
Hk(b)

\

for 6 5^ is smaller than one, as soon as no negligi-

ble lattice distortion is exhibited. (Compare Eq.

[39].) Except for 6 = the iv-factor on this account

runs to a negligible form, when one brings the "1"

outside the brackets and expands with (1 — Hk*) :

Kk{.b) = Re
1 + Hk(b)

1 - Hkib)

1 -
I

Hkib) |2

(38)

1 - 2ReHk{b) + \Hk{b)
for b ^ 0.

Here the so-called statistic factors Hkib) in most
eases can be described by a Gaussian approxima-

tion

Hkib) = exp [-27r2(Ai,6l -f A^^^' -f aW)]

exp [—27ribck]

(39)

where

Aik ! Xihkix + Ck) dv^

the fluctuations squared of the coordination sta-

tistics are referred] to the mass points, so that for

the introduction of a chosen fluctuation param-

eter this expression holds

:

(Jik (40)
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With ReHkib) =
\
Hk{b) \

cos 27r6a- there follows

1 - I HM hKM
I -2\Hk\cos 2irhck +

I

H
-T,b9^o (41)

Since (bck) = hk with whole numbers hk given

lattice planes of the reciprocal lattice (Eq. [28]),

and since cos 2Trhk = +1, this expression goes

over to

Kk'ib) =_
{i + Hk)a-Hk) ^ 1 + 1^.1

.

1-l^^h 1 - Hi
(42a)

or for planes lying between, or for (bck) = hk + }i,

according to cos 2Tr {hk + M) = -1, the expres-

sion becomes

Kk' describes the maxima and Kk" the minima of

Eq. (41). The nearer the quantity
\
Hk\ of the

pertinent statistics factor lies to one, the higher

are the maxima K' and the smaller the differences

of the minima K" from zero. As
\
Hk\ -^0 both

the maxima and minima approach 1, so that

finally they can not be distinguished from each

other. The number of maxima along the direction

of Ck or their extension perpendicular thereto, i.e.,

within the reciprocal lattice, is so much smaller

the more rapidly
\
Hk(b) \

in the direction con-

cerned falls off, and the greater also the concerned

fluctuation square A^k (Eq. [39]).

Quite generally the K-factors (Fig. 4) are built

up from imaginary small slices, which at the time

stand perpendicular to the average coordination

vector Ck and have an equidistant separation 1/ck

from each other. In the direct environment of the

origin the thin slices are intensive and sharp, while

with growing separation from the origin they be-

come the more rapidly washed out and diffuse the

stronger the lattice distortions are. In the case of

negligible lattice distortions all the thin slices are

practically completely sharp. The intersection

points of three small disks or slices involve all

three K-factors, or in case the disks are washing

out the true range of penetration, they form more

or less sharp or diffuse lattice maxima in Z(b),

Eq. (37). Since it follows from Eq. (30) that the

lattice maximum for 6 = in each case is point-

formed, the limitation imposed by Eq. (38) or (41)

for 6 5^ is here without that meaning.

Hosemann proceeds on to the end that two dif-

fuse lattice maxima of the height a in interference

diagrams can be visually distinguished from each

other only so long as the background bridge be-

tween them lies under a/4:. There results perhaps

a value of 1 ^jt |

= 0.33 for the amount of the

statistics factor, since with
\
Hk\ = 0.33 from

Eq. (42a), (42b), K' = 2ovK" = 0.5 = K74 follow.

The level surfaces
1
Hk{b)

\

= 0.33 have been

designated by Hosemann as so-called K-limits,

beyond which the thin disks of the iv-factors prac-

tically no longer exist. Since the lattice factor

Z{b) is characterized by three K-limits in general
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different from one another, it is possible that

several lattice maxima in one direction can fuse

with neighboring maxima while the neighboring

maxima in another direction may be well resolved.

Two maxima, which for example in the direction

of Ci occupy adjacent positions, may fuse together

or remain separately resolved according to

whether they lie outside or within the K-limits of

the Ki-factors. The corresponding statements hold

for the directions C2 and Cs . An example for re-

flections broadened on one side is provided by the

well-known layer-line streaks in the wide-angle

diffraction diagram for the polyamides which are

due to the grid planes.

Along the K-limits the expression
|

^"^(5)
|

=

0.33 holds true and thereby according to Eq. (39)

the following may be written:

Aifc6i' + A2khi' + An
In 0.33

2x2
= 0.056

If herein one sets bi = Ui/ci where m is the order

number of the lattice maximum in the direction

Ck from the origin, still directly separable, it fol-

lows that on the half-axes of the reciprocal lattice,

and for 6i > 0, 62 = 63 = 0, or for 62 > 0, 61 =

&3 = 0, or for 63 > 0, 61 = 62 in the direction of Ck

for the number of maxima separable from each

other the expression follows

:

Vo.OSe 0.24
(43)

9ik Qik

By simply counting of the reflections observed in

the interference diagram it is possible in certain

cases to gain information concerning the fluctua-

tion parameter ga- , whereby it is of course as-

sumed that perhaps several reflections will not be

expressed by the structure factor (here not

treated), or according to the geometry of the

Ewald sphere will not appear. The counting pro-

cedure on this account is useful only in special

cases.

As is easily made clear the relation Eq. (29) ap-

plies in an acceptable sense for the line integral

over the imaginary thin disks, if the integration

path is parallel to the corresponding average co-

ordination factor Ck and also perpendicular to the

planes of the disks. Introducing for the sake of

simplicity an orthogonal coordinate sj^stem the

following expression applies:

/

{hi+\l2)lck I

Kkib) dbk = -

,

Ck
(hi-ll2)ICk

for any value of bi 9^ bk

If one writes for the background along the integra-

tion path the constant value K" = 1/K' (see Eq.

[42a]) there is obtained for the line integral over

the part of the disks which rise above the back-

ground, the value (1 - l/K')/ck and for the verti-

cal height of the disks over the background K' -

1/K'. With this it follows for the integral breadth

of the fraction of the small disks extending above

the background
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BM = — (1-1 ^.(6) I). (44)
ZCh

According to the amount
\ Hk\ of the statistics

factor, these breadths lie between zero and }4ck
,

where 1/ck is the reciprocal lattice constant. The
connection between the integral thin disk breadths
and the fluctuation parameter gik is found by in-

troducing Eq. (39) into Eq. (44). After negligible

transformation there follows

:

aW + aIM + As'A^ = -— In (1 - 2c,B,(6))

and with hi = hi/d especially on the axes of the

reciprocal lattice, i.e., for hk = {k 7^ i):

Qik -r V-Wln(l-2c,B,).

Before this expression by all means can be useful

for the experimental determination of reflection

breadths, the crystallite size effect must first be
eliminated. This is comparatively easily possi-

ble, if at least two reflections are available, of

which one is a higher order of the other, and it is

assumed that the crystallite size effect and the

distortion broadening are quadratically additive,

as described for Eq. (23).
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R. BONART

PARAMETERS OF CRYSTAL LATTICES:

AND GENERAL RELATIONSHIPS

I. DEFINITIONS

010

The d and a Values. In Fig. 1 a section perpen-

dicular to the z axis of a cubic crystal having a

Fig. 1. d and a spacings of a cubic crystal. The
circles represent the locations of single atoms or
ions. The z axis is perpendicular to x and y.

primitive lattice is shown. In this drawing the

parallel lines represent planes with identical cr3^s-

tallographic (Miller) indices^ cutting the plane xy.

The distances between these planes are the inter-

planar spacings d. It can be proved and it is even

seen from Fig. 1 that the distance d decreases with

increasing complexity of the indices, or better

with the sum of squares of the Miller indices

ho~ + ko^ + lo^. If this sum is equal to one, the

respective parallel planes run through identical

lattice points and are parallel to one of the main

cr3'stallographic axes of the crystal. The distance

between such planes is the lattice constant or pa-

rameter of the crystal. The lattice constant is thus

the shortest spacing between identical atoms or

ions situated in identical positions in the structure

of a crystal.

The constants used for the spatial description

of crystals, depending upon the system in which

they crystallize, are listed in Table 1.

Thus there are systems with oblique and or-

Table 1.

System Lattice Parameters and Angular Constant? Angles Between the Directions of the Parameters

Cubic
Tetragonal
Orthorhombic
Hexagonal
Rhombohedral
Monoclinic

Triclinic

a = b = c

a = b and c

a, b and c

a = b and c

a = b = c, angle a
a, b, c and angle 13

a, b, c, angles a, j8, 7

90°

90°

90°

90° between a and c; 60° between the a

a 9^ 90° between the a

^ 9^ 90° between c and a; 90° between b

and a, b and c

a ?^ (3 5^ 7 5^ 90°
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thogonal coordinates and the number of constants

ranges from one or two to six. The simplest is the

cubic system which has only one lattice parameter

and with an angle of 90° between the parameters

in a three-dimensional space.

Is it possible to measure exactly the length of

the lattice parameters and to determine the an-

gular constants of crystals belonging to the last

three systems of Table 1?

The determination of lattice parameters.

There are two ways to find lattice parameters.

The first method is confined only to crystals of

the simplest structure. Knowing this structure, the

lattice parameter or one of the interplanar dis-

tances d of the crystalline material can be com-

puted from its density, its molecular or atomic

weight, and the Avogadro number. In this way the

d value of rock salt (NaCl) was calculated by

Siegbahn^ around 1920 and it served as a basis for

the first exact X-ray wavelength determinations.

The second way is universal, as it leads to the

disclosure of lattice parameters and angular con-

stances of all crystaUine substances. The essence

of this method is the apphcation of X-rays.

After the discovery of X-rays by W. C.

Roentgen in 1895, much speculation was made
concerning the nature of these rays. M. von Laue

reasoned that if X-rays were similar to visible

hght, i.e., some form of electromagnetic radiation

but with a shorter wavelength, diffraction phe-

nomena should be observed with gratings having

a very small constant. He suggested the use of

crystals as gratings (see Fig. 1). Indeed, in this

way the diffraction of X-rays by crystals was dis-

covered in 1912 and the electromagnetic nature

of the new rays confirmed. M. von Laue also de-

veloped equations relating the angle of diffraction

with the wavelength of the radiation and the

lattice parameter of the crystalline substance.

A few years later (in 1914) W. H. and W. L.

Bragg (father and son) discovered that the dif-

fraction of X-rays can also be interpreted as a

''reflection" of the X-ray beam by the interior

planes of a crystal (see Fig. 1). The younger in-

vestigator thereby arrived at the famous Bragg

equation or law

d = n\/2smd (1)

where d is the interplanar spacing (see Fig. 1), n

is the order of reflection, \ the wavelength of the

radiation used, and 9 the angle of reflection or

Bragg angle. The latter is the angle between the

reflecting plane of the crystal and the incident

or reflected beam. As the wavelength \ of the

characteristic X-radiation is known with high pre-

cision from measurements by Bragg, Siegbahn, and

others, the interplanar distance d of the crystal

used in the diffraction experiments can easily be

computed. Only the Bragg angle d must be meas-

ured. This can be done using a photographic film

in the arrangement as shown in Fig. 2.

The reflection from the plane of crystal c occurs

only at an angle when n in the Bragg equation is

equal to an integer (1, 2, 3, 4, etc.). Thus, by
rotating the crystal as shown in Fig. 2, a series

Spot

Fig. 2. The 6 angle for c^-determinations of a

crystal, which rotates from 2^ = to 2^ = 90°

around a main crystallographic axis.

of reflections will appear on the film. Their posi-

tions, measured by the angle 2d, will depend on

the wavelength of the radiation and on the inter-

planar distance d. This distance, as already men-

tioned, changes with the indices of the reflecting

planes. Since there is a simple geometrical con-

nection between d and the lattice parameter a,

the latter can also be calculated, knowing X and n,

from any of the ^-angles of the spots appearing

on the film. The relation between the d-values

and the lattice parameter a of cubic crystals is

given by^

d = a/ {ho' + ko' + lo')'"

It follows then from Eqs. (1) and (2)

:

a = Xn(V + ko'' + lJ)'''/2 sin d

X (2/^2) 1/2/2 sin

(2)

(3)

In Eq. (3), n, the order of reflections, can be

placed inside the radical and the sum of such

indices is

:

n2(/io2 + ko" + lo') = n%o'' + n'ko' + nHo'

= ;i2 4- ^2 4- /2 = S/i2

(4)

where h, k, I are the X-ray indices (to distinguish

them from the Miller indices ho , ko , and h) and

2/i2 is the sum of their squares. The Eq. (2)

for the (i-values becomes more and more compli-

cated when lattice parameters of crystals of lower

symmetry have to be determined. For instance,

the (i-value for tetragonal crystals is

:

^tetr = [(^2 + A'2)/a2 + I'/c']''''. (5)

The same value for an orthorhombic crystal is

rforth = Wa' + k'/b' + Z2/c2]-i'2 (6)

and for crystals of the hexagonal system

:

c?hex = [4(/i2 + k' + hk)3a' + Z2/r2]-i'2 (7)

It is not the intention of this article to give an

exhaustive description of all possibilities in the

calculation of lattice parameters of crystals. Com-
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^ Front reflection

Reflected

beam ( line)

Reflected beam
Back reflection

Fig. 3. Section through a powder camera per-
pendicular to its axis. 6 front reflection angles. $
back reflection angles. The angle 4^ or 4<J> is usuall}^

measured (not 2d or 2$).

plete information can be obtained by reference to

the literature.*

The right side of Eqs. (5), (6) or (7) can be
substituted for d of the Bragg Eq. (1); and the

equation can be solved for a (eciual to 6) of tet-

ragonal and hexagonal crystals, or for a, b, and c

of orthorhombic crystals. It is evident that in the

first case two angles, 6 and di of two suitable re-

flections on the film (see Fig. 2) have to be meas-
ured. The lattice parameters a of a tetragonal

crystal then can be calculated from the equation

(8)

a = 0.5\{[lHhi^ + h^) - hHh'' + A-2)]

[ (/2 sin2 di - h^ sin20) ] j

If a is known, the second constant c can be found
from

c = AaZ[(4a2 sin^ d - X^h" + k'~)]-^!K (9)

Still more complicated are the three equations for

the calculation of a, b and c of an orthorhombic
crystal.

These equations require for their solution a
knowledge of h, k, I and hx , ki , h , oi the two re-

flections. Therefore, an indexing procedure has to

precede the calculation. This is easy to do for

rotating single crystals (Fig. 2). A description of

the methods can be readily found elsewhere.^' *• ^' ®

The lattice parameters of crystals thus can be
calculated from the angles determined experi-

mentally (for example, by using Eqs. [3], [8] and
[9] for cubic and tetragonal crystals). In case of

cubic crystals the a constant should be obtained
from every reflection with precision depending
upon the precision with which the angle was
measured. Unfortunately, only in exceptional cases

is it possible to arrange measurements in the way
as shown in Fig. 2. The reason for this is the lack

of crystals with well-developed faces. The majority
of crystalline substances is available only in the
form of solid polycrystalline materials or powders,
unsuitable for performing measurements by the

method represented in Fig. 2. Even material in

fine single crj^stals cannot be readily obtained.

Also, it is difficult to find the exact location of the

exit of the primaiy beam, and the axis of rota-

tion of the crystal has to be precisely in the sur-

face which reflects the X-ray beam.
It represented great progress, therefore, when

P. Debye and P. Scherrer (in 1915) and A. W.
Hull (in 1916) discovered the diffraction of X-rays

by powders. A convenient method for lattice con-

stant determinations of a tremendous number of

crj^stalline substances thus became available. Ac-

cording to Debj'e-Scherrer-Hull, a mount of the

powder substance is placed in the central axis of a

cylindrical camera along the inner wall of which

a photographic film is located (see Fig. 3). The
X-ray beam enters the camera through holes in

the wall and film, hits the powder mount, and is

absorbed by a beam catcher on the opposite side

of the mount or leaves the camera through holes

in the film and wall. Diffraction rings are formed
on the film during the exposure of the sample.

Their formation by the powder mount is explained

as follows. The orientation of the fine crystalline

grains in the powder mount is completely random.
If an X-ray beam hits such a powder, there will

always be a number of grains with some crj^stal-

line planes in a position favorable for the re-

flection of the rays according to Bragg's equation

(see Fig. 2). Each of these grains will produce

within a certain well-defined 20 angle, a small

sharp dot on the film. The sample is usually

rotated about its longitudinal axis, and sometimes
scanned (i.e., pushed back and forth) during the

exposure in order to move as many grains as pos-

sible into the position of reflection. As a result, the

number of black spots produced by the single

mo^•ing grains of the mount will increase greatly,

and smooth rings or parts of them will appear on
the film after its development (Fig. 3, next article).

For instance, using an X-ray tube with a Cu target

(producing ''Cu radiation"), all the spots origi-

nating from the plane (111) of Al powder will

fall at an 20 of about 38.54° ; those originating

from (200), the second order of (100), at an angle

of 44.80°; the (220) planes will produce a ring

under an angle of 65.10°, etc. Therefore, each

crystallographic plane of the powdered crv'stalline

substance produces a cone of diffracted beams
which intersects the film cylinder located around
the diffracting powder. A section through a powder
camera, sample, and primary diffracted X-ray
beam is shown in Fig. 3.

The film strip is pressed against the inside wall

of the camera with special expansion rings. On this

film, after its development and straightening out,

the interferences appear as parts of ellipses, hy-
perbolas, or straight lines (Fig. 3, next article). The
connection betw^een a Debye-Scherrer and a rota-

tion crystal pattern (Fig. 2) is that each spot of the

latter is represented by a more or less curved line

or ring on the powder diagram. The lines pass

through the middle of the spots. Knowing the diam-
eter of the camera, all the or 0-angles can be cal-

culated by measuring the 40 or 40 distances on a

straightened-out film. The indices of the powder



699
PARAMETERS, LATTICE I

lines*'
^' ^'

'' have to be known, but indexing them

is more compHcated than the same procedure for

a single crystal.

In order to have some idea about the simplest

indexing procedures, the determination of the

indices of interferences of a powder pattern of a

cubic substance with the aid of the reciprocal

lattice® is given below .^ The section normal to the

cylindrical axis of a Debye-Scherrer camera in

Fig. 4 shows the path of the direct and reflected

X-ray beams. It follows directly from the figure

that

j)/x — sine. (10)

If the inside wall of the camera is regarded as the

sphere of reflection,' then the chord x represents

the reciprocal lattice vector of the three-dimen-

sional reciprocal lattice. This chord connects the

origin of the reciprocal lattice with the inter-

ference (powder line) on the circle of reflection

(wall of the camera). Thus, p is the projection of

the reciprocal lattice vector x on the diameter

(X-ray on Fig. 4) of the camera. It follows from

the combination of Bragg's equation (1) with (2)

and (10) that, if n = 1,

p = rX2 2/iV2a2

.

(11^

Working with the same radiation and substance,

the part r\^/2ar of (11) becomes constant and the

length of p, resulting from other lines on the re-

flection circle, is simple proportional to 2/i^,

which represents the integers 1, 2, 3 :

p = A; 2/^2 (12)

This means that all differences of the projections

p of two subsequent reciprocal lattice vectors x

of a cubic substance are equal, including extinct

lines and those possessing S/i^ which cannot be

split into 3 integers. This difference is equal to

the smallest pmin, resulting if 2/i^ =: 1. The con-

struction in Fig. 4 actually represents the graphical

description of Bragg's law and can also be ex-

tended for indexing patterns of lower symmetry
crystals (tetragonal and hexagonal)^ or powders,

provided that the lattice parameters are not larger

than about 6A. A full representation of the Bragg

law gives Fig. 5, by which the indices of all lines

of a cubic powder pattern can be found. For in-

stance the measurement of the powder film ob-

tained with Cu-radiation led to the following 26

angles in degrees (onlv the a or ai lines were

measured): 38.54; 44.80'; 65.10; 78.22; 82.44; 99.08;

112.02; 116.56; 137.44; and 162.48. It is convenient

to take the radius of the reflection circle for Cu
radiation as being equal to 100 mm. All the 26

angles are then carried on the reflection circle,

and the reciprocal vectors x projected onto the

diameter of the circle (Fig. 5). The shortest dis-

stance between the end points of two projections

is taken as pmin ; or if it is known that the first

line of the pattern is HI, the distance between

and 3 is divided into three equal parts, each of

them representing pmin . If the length of pmin is

correct, all the projections of the points on the

reflecting circle coincide with the integers of pmin

Fig. 4. Path of an X-ray beam in a powder cam-

era, c is the powder sample and x — the vector of

the reciprocal lattice.

Fig. 5. Graphical indexing of the lines of a cubic

(Al) powder pattern. Cu target of the X-ray tube.

on the diameter. The indexing is then correct and

there is no other possibility. The indices of the

powder lines of Al can simply be read from the

diameter."

With the indices known, the lattice parameters

can be calculated using the same equations, (1)

and (2) or (5), (6), (7), etc., depending uponthe

crystal system in which the substance crystalhzes.

In the following article are presented the high-

precision measurements of lattice parameters by

the asymmetric diffraction method.
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PARAMETERS OF CRYSTAL LATTICES: M. HIGH-PRECISION

MEASUREMENTS BY THE ASYMMETRIC DIFFRACTION

METHOD

If the powder or rotation crystal methods dis-

cussed in the preceding article are used for high-

precision lattice constant determination, diffi-

culties and uncertainties arise which aggravate
such determinations. It is the purpose of this

article to show how all of them can be most con-

veniently eliminated or more correctly, reduced to

a minimum. But first, the meaning of ''precision"

or "high precision" must be discussed.

Precision and Accuracy of Determinations.^
Precision gives an idea about how well measure-
ments can be reproduced. It states only accidental

or random deviations and disregards sj'Stematic

errors. For instance, Eq. (3, preceding article) for

the calculation of cubic lattice constants contains
only one quantity to be measured and this is the
angle 6. No errors are connected with 2/i^ which
always has to be an integer, unless, because of some
faulty indexing, an error (which can be easily de-
tected) of one or several units is made. The wave-
length X is regarded as a constant. So, if more pre-

cise measurements in the future will show that \
has a slightly different value, corrections can al-

ways be made on the already determined lattice

constants. Therefore, the wavelength used for the
calculations should always be mentioned when pub-
lishing lattice parameters of high precision.

It is not so important as to how to express the
error made during the measurements. The quantity
usually determined is the standard deviation 5,

which is the bracketed term below:

± 0.675[1]aV(^ - 1)]' (1)

s' is the probable error, 2A^ is the sum of the
squares of the deviations from the arithmetic aver-
age and n is the number of measurements. With the
factor of 0.675 is achieved that 50 per cent of the

i

"4"

\verage lattice <

/^ const at 25°C y

ox error span ^/

} ;"x ^—

^

3/

<

C

(
[7

-"--

10 20

Tennperature °C -

Fig. 1. Lattice parameter vs. temperature. Re-
duction of the constants to a certain temperature
(25^) using the a found.

deviations of all measurements fall within the cal-

culated limit of error s'. Of course, other definitions

for this limit can also be used which will give a
larger or smaller value than the probable deviation.

However, the difference is not significant, only the

method must be mentioned.
How precise is "precision measurement" of lat-

tice constants? This already concerns the elimina-

tion of some S3'stematic errors. The volume of the

unit cell, being a^ for cubic, a-c for tetragonal, abc
for orthorhombic crystals, etc., expands with in-

creasing temperature, although one or two of the

individual constants of crystals of lower symmetry
may change very little or even decrease with tem-
perature. As an example, indium may be men-
tioned (tetragonal) of which the a constant ex-

pands and c contracts with increasing temperature .-

If these changes in parameters can be measured
by increasing the temperature of the sample by
about 10 to 50°C, then the measurements stating

the difference are precision measurements. In other

words, it is not the good reproducibility of single

measurements that is an indication of high-quality

work but rather the ability to reproduce the ex-

pansion coefficients within a narrow temperature
range (of about 50°C). These coefficients should

not differ more than 5 per cent from the best

measurements of other authors. Inability to re-

produce expansion coefficients can be traced back
to work of lower accuracy with manj^ systematic

errors, even though the standard deviation for

single measurements at one temperature may be
very small.

Precision lattice constant measurements should

permit reproduction of the expansion coefficient

of diamond' [a = (1.3 ± 0.2) X 10"'] within the

temperature range of 50°C. In this small range

there is usually a linear relationship between the

parameter and temperature.

Thus, precision lattice parameter determinations

should always be made at several temperatures of

the sample to exclude anj- mistakes and to check
the quality of the measurements. Calculations or

plots are then made as shown in Fig. 1. Of course,

s has to be determined from the fluctuations of

the reduced constants, so that the actual precision

is better reflected. Also, there is one more ad-

vantage of this kind of work: the knowledge of

the expansion coefficient.

Accuracy of the measui 'ments includes all sys-

tematic errors. A determination may be very pre-

cise, but not accurate at all. For instance, we can
assume the centrated powder sample in a cylindri-

cal camera (Fig. 3 in preceding article) is dis-

placed (unnoticed by the observer) in the direc-

tion of the X-ray beam and fixed in this position.

Excellent reproducibility may be achieved (s may
be very small) ; nevertheless, the accuracy will be
poor because of the large systematic error in-

volved in the determinations. There are many such

errors of which we are unaware. To cover all these

deviations by a sure limit of error, the calculated

s has to be increased where it is necessary by an
amount which can be estimated only by the ob-

server himself or by application of LRM (see next
article).
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Errors in Lattice Parameter Determination.

It is clear that for precise and accurate determina-

tion of lattice parameters all systematic errors have

to be found and reduced to a minimum. Of course,

the extent of errors involved can also be calculated

and the experimental results corrected. However,

this is a laborious way and not at all safe, because

in many cases we simply do not know the mathe-

matical relation between the cause and the effect.

It is, therefore, sur.-^r and simpler to reduce all

possible erroi-s experimentally.

The most precise and easy work can be done

with cylindrical cameras (Debye-Scherrer) with

the sample exactly in the axis of the cylinder, be-

cause in this way all the d angles of the inter-

ferences produced on the film are easily accessible

to convenient measurement.

In high-precision work many factors have to be

considered which influence the results of the de-

terminations. A source of errors may be:

1. The uncertainty in the determination of the

effective film diameter;

2. The shrinkage of the film after develop-

ment;
3. The change in lengths of the film while

measuring

;

4. The eccentric placement of the sample in

the camera

;

5. The deviation of the camera section from

the circular line;

6. The effect of the shape and size of the col-

limator apertures

;

7. The inexact knowledge of the temperature

of the sample

;

8. The inexact determination of the density

peak of the lines

;

9. The absorption correction;

10. The uncertainty in selection of the equator

for the measurements;

11. The refraction of X-rays in the sample;

12. Some other causes of minor importance.

All these error sources can be reduced to a pos-

sible minimum by a precision experimental tech-

nique which is known under a collective name
''asymmetric method" and which permits the de-

termination of lattice parameters with a precision

of 1:200,000 under favorable conditions.

The Asymmetric Method. The work in de-

veloping this method was started in 1935 at the

X-ray laboratory of the University of Latvia in

Riga, Latvia, when Alfreds levins (a colleague of

the author of the present article) came to work

with the author for his doctor's degree. He con-

tinued the investigation on precision determina-

tion of lattice parameters on the basis of results

obtained in collaboration with 0. MeUis.* In the

years that followed, the work was successfully

continued and finally resulted in a booklet pub-

Hshed in German in 1940.^

The error sources mentioned above were re-

duced to a minimum under the following condi-

tions :

a) The uncertainty in the knowledge of the ef-

fective film diameter and the film shrinkage was

eliminated by a new film insertion method.

b) The influence as mentioned in points 4, 5

and 6 was reduced to a minimum by an appropri-

ate construction and precise machining of cylin-

drical cameras.

c) The error due to inexact knowledge of the

temperature (pt. 5) was eliminated by thermostat-

ing the whole camera.

d) Sharp lines and a minimum of displacement

of them due to absorption was achieved by using

thin samples.

e) Uncertainties as mentioned in pt. 10 were

eliminated by improved film measuring devices;

and
f) There was unfortunately no way to reduce

the refraction correction; it could only be calcu-

lated and added to the lattice constants measured.

The Asymmetric Pattern and Its Advantages.

The e angles can be exactly determined without

any knowledge of the camera diameter and the

errors due to film shrinkage can be eliminated

simply by using a new method (introduced 25

years ago) of placing the film into the cylindrical

camera (see Fig. 2). The diffraction patterns ob-

tained in this way have an asymmetric appearance

(Fig. 3), this being the reason why the method,

on the suggestion of Halla and Mark,^ was called

"asymmetric."

The advantages of the asymmetric diffraction

patterns are great:

1. The knowledge of the camera's radius be-

comes unnecessary;

2. There is nearly complete independence of

film thickness and shrinkage errors, because

the precise reflection angles can be calculated

from the films themselves at any time;

3. Therefore, no standard substances are neces-

sary, nor any calibration of the camera;

4. Consequently, the method is absolute, and

the absolute value of the lattice constant,

within the hmits of error, can be calculated

directly from the film;

5. With thin sharp lines, no extrapolation pro-

cedures or corrections are necessary to arrive

at the correct values of the constants.

The method of measuring an asymmetric powder

pattern or the central line of a rotation crystal

pattern and calculating the correct reflection an-

gles e is shown using diamond powder as an ex-

ample, since it produces only a few lines.^ In Fig.

Fig. 2. a—film in the camera for making asym-

metric powder or single crystal patterns. 6—modi-
fication according to A. J. C. Wilson for substances

without interferences at high angles.^
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'^^^i^

y^'

"^^f.^

and oTj

— 422

^420
-331

-400

-222

-311

Fig. 3. Asymmetric Al powder pattern, indexed
by the method of the reciprocal lattice (Fig. 5 in

preceding article).

4 such a film is sketched as spread and fixed on
the movable carriage of a comparator, or on the
scale of a precise measuring instrument. The read-

ings are made in sequence, a-b-c-d-e-f, from the
zero or any other point of the scale up to the
point of maximum density of each of the lines, as

listed in Table 1.

It is important to note that the sum of the
readings of all corresponding front reflection lines

is one constant, and the sum of all corresponding
back-reflection lines is another constant. In the
case of sharp fines the constancy of each of the
two sums is within ±0.03 mm or better.

The difference of the average constant for the
back-reflection and for the front-reflection hne
readings represents the circumference of the film

cylinder at the time of measurement of the film.

The difference in readings for the corresponding
front-reflection lines gives the 4^ angles and that
of the back-reflection lines the 40 angles (both in

mm). The correct Bragg angles in degrees are ob-
tained by using the factor F (Table 1). The lat-

tice parameter a can best be calculated from the
line under the highest d angle, e. g., from d —
82.002= (line 331^. Co radiation) in case of dia-

mond dust. For this purpose, Eq, (3, preceding ar-

ticle) is used in which the wavelengths of CoK/3 ra-

diation (=1.61744 kx) is substituted for \. Under
such conditions 0500= 3.55975 is obtained. Values
from two other films are 3.55967 and 3.55972 kx.

Thus, the average value of the 3 determinations is

oso = 3.55971 ± approximately 0.00003 kx for the

.s' deviation (Eq. 1) or 3.55971 X 1.00202 =
3.56691A. The precision of the single determina-
tion is better than 1:100,000 and it may improve
if the measurements at other temperatures are

taken into account and the final value at a cer-

tain temperature is calculated according to the

scheme shown in Fig. 1. The lines on the films

can also be measured by other ways. e. g.. by the

ratio method of Cernohorsky."
As can be seen from Fig. 4, there are 4 more

lines on the powder pattern of diamond. Why are

they not used for precision lattice constant de-

terminations insead of only the last one, 331^3?

The answer follows from the Bragg Eq. (3, pre-

ceding article) where the sine of angle B is used.

Since sin<9 changes only slightl}' in the region where
6 approaches 90° (dsind/dd = cos^), the errors in

the measurement of d in this region affect the cal-

culated lattice parameters much less than with
smaller ^-angles. Therefore, for precision determi-

nations only the last lines with high ^-angles above
70° (the higher the better) can be used. This possi-

bility was first recognized and applied by van
Arkel in 1926. If a substance with a certain radia-

tion does not produce lines with high ^-angles,

then the target must be changed. It is always pos-

sible that one may find such lines with an appro-
priate radiation (See Ref. 6 in preceding article).

For instance, in case of diamond, CoK^ radiation

was useful (Fig. 4). However, if sharp lines with
high <9-angles are not produced because of the

nature of the crystalline material itself (distor-

tions of its structure or too small a grain size),

then there is no other method of improving the

determinations, and only lattice constants of low
precision are accessible. Nevertheless, the influ-

ence of film shrinkage in such cases can still be
eliminated according to Wilson'' by shifting the

asymmetric film so that the interferences under
50° and even less are caught in the back reflection

region (Fig. 2b). The precision of constant deter-

minations is, of course, low.

Construction of the Camera. The various er-

rors mentioned in points 4, 5 and 6 can be largelj^
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ZERO, POINT
— X

ofth^scalIe

Fig. 4. Asymmetric pattern of white diamond powder. Cobalt a and ^ radiation. Method

of film measurement.®

Table 1. Calculation of or Angles from an Asymmetric

Powder Film of Diamond Dust (cubic) .^

a to f are distances in mm on film (Fig. 4) as measured by the comparator. Sample temperature 50.0°C,

Co a and 13 radiation. Exposure 1.5 hours

Front-Reflection

111/3 lUa

Back-Reflection Line'

331^

Sum
Difference

c 79.710

b 28.103

= 107.813

4:6 = 51.607

d 82.623

a 25.206^

107.829

57.417

f 162.801mm
^e 145.027

4:6

307.828mm
17.774mm

Circumference 307.83 - 107.82 = 200.01 mm corresponding to 360°. Factor F for conversion of 46 or

40 (mm) directly into or in degrees

:

F = 360/(4 X 200.01) = 0.44998

So e.g., 33M = U-e) = 17.774 X 0.44998 = 7.998^ 6 = 82.002\

eliminated by an accurate and careful machining

of the camera. A camera, the section of which is

pictured in Fig. 5, proved to be very convenient

for making not only powder but also rotation

crystal patterns. For precision measurements the

inside of the camera cylinder must be exactly

round and of the same diameter throughout; the

sample must be in the middle of the camera

(maximum deviation ± 0.02 mm) and it must be

adjusted and centered with the same precision. A
simple adjustable sample holder is shown in Fig.

6, on the tip of which is cemented the powder

mount in the form of a glass fiber with the pow-

der of the crystalline substance on it. The shaft, e

(Figs. 6 and 5), must be very carefully machined

and must fit into the bearing k of the cover so well

that, upon rotation, no oscillation is observable

under a low power (about 30 X) microscope. In

order to ascertain that the axis of rotation of the

shaft, e, in the cover of the camera coincides with

the axis of the cylinder, /, the sample holder with

a round glass hair on its tip is screwed to e. The

glass hair is then carefully centered under a mi-

croscope, the screw d is tightened, and the cover

is placed on the camera (Fig. 6). By turning the

cover of the camera together with the tightened

sample holder and by observing the glass hair

through the sht system with a 20 to 30 X micro-

scope, one can verify whether or not the hair is

exactly in the center of the camera. If the hair is

displaced within ± 0.02 mm, the axes coincide

sufficiently because such deviations from the cen-

Fig. 5. Section of a precision camera, 64 mm in

diameter for powder and rotating crystal photo-

graphs (with no sample holder on shaft e). Films

3 cm in width fit into the camera; for rotation

ciystal photographs 4 cm fihns fit if a is removed

by removing the bottom b, 8 cm films can be used.
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A U

ifej

x-ray

Powder

mount

Fig. 6. Adjustable sample holder for powder
mounts in camera (Fig. 5).

tral axis of the camera influence the lattice pa-

rameter determinations only within the limits of

error given above. Such deviations are, therefore,

permissible. If the sample moves in larger circles,

the screws, h, of the cover must be loosened and
the bearing, k, brought into correct position b}^

slightly displacing it and tightening the screws.

Such an adjustment of the camera has to be made
only once.

There is a question of the size (diameter) of

precision cameras. Does a large camera work
better than a small one? To decide this important
question seven precision cameras with diameters

from 28.9 mm to 114.8 mm were built in the

author's laboratory in Riga and the lattice con-

stant of pure aluminum (99.998 per cent) was de-

termined in each of them at a constant tempera-
ture. The determinations showed that small

cameras (e.g., 28.9 mm) do not work satisfac-

torily."' " They are also very inconvenient. All

other cameras worked with the same precision.

The 57.7 mm cameras were the handiest and,

hence, the best in most respects, but somewhat
too small for rotating crystal photographs. How-
ever, a small gosiometer head fits very well into a

64 mm camera and its size also proved to be very
convenient. Seven-inch film strips are still long
enough for the camera, although a small gap be-
tween the ends of the film remains on one side

(Fig. 2a). Also, a 64 mm camera has a film cir-

cumference of about 200 mm meaning that 1 mm
on the film corresponds to 2^ (new degrees, 27r =
400^).

Why large cameras do not work best is simply
explained by geometrical reasons: the hues ob-
tained with a 114.8 mm camera are nearly twice

as broad as those obtained with a 57.7 mm camera.
The beams reflected by the crystalline substance
are not parallel, but divergent, as could be proved
by examining the lines of patterns obtained in

cameras of two sizes by a recording micropho-
tometer. Therefore, there is no advantage in

working with larger cameras since the resolution
is not as sharp. Other reasons why it is much
better to work with precise small cameras (64
mm) and with samples centered under the micro-
scope are

:

1. The time of exposure is much shorter in

small cameras

:

2. Short film strips are more uniform and more
convenient for measurement than long ones;

3. A uniform temperature can be better main-
tained in small cameras than in large ones,

and
4. All the auxiliary devices necessary for ob-

taining and measuring the patterns are

smaller, handier and cheaper.

Of course, small camera films have to be meas-
ured with utmost precision, with a comparator
(e.g., built by D. Mann, Lincoln, Mass.).

The bare film is pressed to the inside wall of

the cylinder with two expanding rings, one upper
and one lower (Fig. 7). The holes are bored in

the film, after it is loaded into the camera, with
special, sharp drill bits. This is done from the out-

side through holes provided for the beam sj^stem

(Fig. 5). The collimator (Fig. 5) which passes

through the left hole has an aperture of 0.5 to 1

mm and a length of 5 to 6 cm. Its conical end is

of such a construction that diffraction fines up to

a 6 angle of 86° can be recorded on the films. It

is important that the axis of the coUimator aper-

ture makes an angle of 90° with the camera wall

(and hence with the axis of the camera). Other-
wise the equator of the diffraction fines will not
fall on a circle line and will introduce additional

errors in ^-angle measurement. Slits parallel to

the sample instead of a round aperture decrease
appreciably the time of exposure but cause broad-
ening of the lines,^ which is undesirable for pre-

cision measurements. At the right side of the
camera (Fig. 5) is a beam catcher which prevents
to some extent the fogging of the films in the
front-reflection region.

The Camera in a Thermostat. Uncertainties
mentioned in point 7 can be eliminated and those
in point 8 reduced to a certain degree, by making
the exposures at a constant known temperature
of the sample. Many investigators think it is suf-

ficient to keep the temperature of the X-ray room
constant within one degree or within ±0.5°C.
How would the lattice parameter of Al be affected

by a one-degree temperature change? It follows
from the lattice constant and the expansion co-

Fig. 7. Expansion ring for the cameras; can be
covered by tape or rubber; the expanded ring in

the camera can be collapsed (as shown by the
arrows) with a small tool.
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efficient a = 23.1 X 10- : Aa = 4.05 X 23.1 X 10^

= 0.000094A deg.-\ Therefore, if one wishes to re-

port the results of his determinations with a pre-

cision of ± 0.00001A, he has to keep the sarnple

temperature constant at least within ± 0.1° or

better ±0.05°C. With substances havmg a larger

expansion coefficient than Al even a closer tem-

perature control is necessary. Therefore, a high

precision in lattice constant determinations should

never be claimed without mentioning the exact

temperature of the sample and not of the room,

because the temperature of the former always de-

viates from the latter. Experience shows that the

best way to keep the temperature of the sample

constant is to put the whole camera containing

the sample in it into a thermostat, the tempera-

ture of which can be controlled within ±0.02°C,

if necessary. Constancy of temperature also re-

duces broadening of the lines due to temperature

fluctuations, making them sharper. It is much

simpler to put the camera into a thermostat than

to try to maintain a constant temperature in the

working room. Inevitably there will be convection

currents affecting the temperature of the camera

and sample. Of course, errors caused by inexact

knowledge of the sample temperature cannot be

corrected for by any of the analytical or graphi-

cal error elimination methods.

The camera shown in Fig. 5 can be easily

clamped in a metaUic jig (to hold the camera and

to give better temperature conductance). The

whole is then transferred into a special water

thermostat, as shown in Fig. 8. Thus, the tempera-

ture of the camera can be maintained between

and 70°C with an accuracy of ±0.02° by circulat-

ing water. The apparatus also permits the deter-

mination of expansion coefficients of minute

amounts of crystalline substances along their main

crystallographic axes. The whole equipment for

precision determination of lattice parameters is

shown in Fig. 9.

Minimum of Absorption; Line Sharpness.

The shift of lines originates due to the absorption

of X-rays by the sample, as explained in Fig. 10.

It follows directly from the drawing that (1) the

shift A^ decreases with increasing d and becomes

at 90°; (2) the shift decreases the lattice con-

stant (an absorption correction has to be added

to the constants); and (3), the shift decreases

with the diameter of the sample; the thinner the

latter the sharper the diffraction lines. The shift

A^ can also be calculated according to Hadding

:

Ad = frcos^d (2)

where / is a factor converting mm into degrees

and r is the radius of the sample in mm. Many
other formulas and methods have been developed

for the exclusion or calculation of these errors.

Equation (2) and Fig. 10 show that there are

three possibilities for reducing the line shift

:

1. Using only the high back-reflection hnes for

lattice constant determinations.

2. Decreasing the diameter of the sample.

3. Making the sample more transparent to X-
rays.

Concerning the first point: it is clear that only

the sharp lines with a ^-angle of about 70° or more

should be used for the determinations. In case of

cubic substances one such last line suffices. To ex-

clude any accidental fluctuations of the ^-angle,

Fig. 8. Camera with the sample in it inside the thermostat. To the left is its water cir-

culated door. Rotating and scanning devices for the sample are on the right end of the

thermostat. Temperature measurement with a thermometer.
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Fig. 9. Equipment for precision determination of lattirc prirrtmfTors. Left: water cooler;

middle: constant-temperature water supplier; right: X-raj' machine w^th thermostat. Be-
hind: X-ray tube (arrow).

several films are always made using one or more
identical samples at a certain temperature (see

Table 1). The asymmetric film placement thereby

excludes the shrinkage error sufficiently.^^ The
two last points can be achieved by thin samples
of about 0.2 mm in diameter: the powder under
investigation (sieved through a screen of 10,000

meshes/cm^) is stuck to the outside of a short

piece of a nearly nonabsorbing beryllium-lithium-

boron glass hair of about 0.08 mm in diameter
which was previously coated with a thin la^^er of

a nondrying adhesive or thick oil. It could be
shown that such samples produce only a negligible

line shift under high angles (affecting only a few
units in the fifth decimal place) and that the shift

is in accordance with Eq. 2.^^^ Still thinner samples
reduce the shift even more but the lines become
very weak (longer exposure times do not help)
and difficult to measure.
Mounts of hygroscopic powders (e.g., LiCl,

NaBr, etc.) for obtaining precision powder photo-
graphs^^ can be made by seahng the hair with the
powder on it into thin-walled capillary tubes of

glass or plastic material.

However, absorption corrections should be ap-
plied (or one of the extrapolation methods used)"
if lattice constants have to be computed from
lines obtained with samples which are thicker
than 0.2 mm in diameter, or are filled into capil-

laries or represent wires thicker than 0.1 mm, or if

only interference lines under smaller d angles can

be measured. In all such cases the precision of

determination is appreciably lower.

Film Measuring Devices. As can be seen from
Table 1, the positions of the diffraction lines have

Found

Fig. 10. Shift of fines due to absorption of X-rays
bv the sample (size is exaggerated). 4<9 = 'id'-2A6

and 4$ = 4#' + 2A$.
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to be measured with an accuracy of at least

±0.01 mm. This is possible only with good com-

parators, or by other accurate measuring de-

vices/^ For the readings, the cross hair of the

low-power microscope (3 to 5 X) has to be placed

on the maximum density of the lines. The film

carriages have provisions permitting the film to

be shifted at a small angle and parallel to itself so

that the measurement can be made on the center

line of the film throughout its entire length. Usu-

ally four or more readings of a line are taken and

the average is used. As it is more difficult to

measure the positions of the high indexed back-

reflection hues, more care should be devoted in

reading them; the front-reflection lines serving

for the determination of the film circumference,

are less important because they influence the cal-

culated lattice parameters only to a minor extent.

The Refraction Correction. If precision meas-

urements of lattice constants (at controlled tem-

peratures of the sample) are made by the powder

or by the rotation crystal method, the calculated

parameters have to be corrected by adding the

(symmetric) refraction correction. The very

slight decrease in the ^-angle is explained by the

change of \ while passing through the crystal.^*^

It is more convenient not to calculate the correc-

tion for the angle, but directly that for the con-

stant, which according to Ewald is:

ref. corr. = 5.4aV X lO'V^h-, (3)

where p is the density of the crystal and a the

calculated constant."' ^^ In many cases it is suffi-

cient to use a simplified correction equation ac-

cording to Wilson" or Wilkens:^°

ref. corr. = ad (4)

where 5 is the unit decrement of the index of re-

fraction and can be calculated from the dispersion

theory (see Ref. 3 in preceding article). The dif-

ference between the magnitude of the corrections

(3) and (4) is insignificant. The equations are

sufficiently accurate, especially if applied to con-

stants calculated from the last lines, and they are

nearlv independent of the grain size of the sam-

ple.-'°'

The necessity for application of the refraction

correction becomes evident as soon as precision

measurements of lattice constants with various

wavelengths are made. The application of the

correction reduces the difference between the con-

stants obtained for the same substance with dif-

ferent wavelengths to a minimum."' "°- -^

Other Reasons of Disagreement. There may
be some other effects which cause a very slight

displacement of the diffraction lines and hence a

change in the calculated lattice parameter. Sj'-s-

tematic errors may be introduced by difficulties in

measuring broader lines with unsymmetric line

profile; a slight shift in the positions of the lines

may be caused by Lorentz and polarization fac-

tors, by the not-quite parallel X-ray beam, by the

axial divergence,^' ^^ and by dispersion. However,

these minor errors cannot explain the poor agree-

ment between the reported values of lattice pa-

rameters obtained by various investigators in

connection with the project on lattice parameters

conducted by W. Parrish under the auspices of the

International Union of Crystallography."^ Al-

though the reproducibility of the constants ob-

tained by single observers was excellent, the

agreement of the same constants among those re-

ported by various workers was only within 0.01

per cent or 1:10,000, while a precision of at least

1 in 50,000 was expected. It is clear that systematic

errors more or less affected the results. These er-

rors might have been caused by the application of

various forms of absorption corrections and of

various powder mounts, by more or less precise

camera constructions, and by the inaccurate

knowledge of the temperature of the sample. Fur-

ther refined measurements and investigations are

necessary to find the causes for the observed dif-

ferences.

Lattice Parameters from Rotation Crystal

Patterns. One main advantage of such patterns is

that the indexing procedure (e.g., by the recipro-

cal lattice) is much simpler, especially in case of

lower symmetry crystals as there usually are no

doubts concerning the index of a reflection. Fur-

thermore, the exposure times, in comparison with

powder, are much shorter. In Fig. 11 a rotation

pattern of a single indium crystal is shown .-^ The
pattern was obtained in about one hour of ex-

posure: the film was protected from fluorescent

radiation by a 0.05-mm-thick aluminum foil. It is

obvious that for precision determination only the

equator of rotation patterns can be used. Since

crystals are solid, only very fine crystal needles

(about 0.05 mm in diameter) will show neghgible

line shift due to absorption. Therefore, if the

needles are thicker or photographs are to be made
in other than the needle directions, a certain

amount of preparation of the crystals is necessary.

This can be accomplished by splitting, breaking,

sawing, dissolving, etching, etc.'^^ Small special

tools are needed for the preparation of the crystal

samples under the microscope. If the crystal frag-

ments are too tiny to set them conveniently by

optical methods with a goniometer head, some
trial rotation cr3^stal photographs have to be

200 002
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\ / 202 \\ I y
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//

Fig. 11. Asymmetric rotation pattern of an In crystal; rotation axes: a or b. Cu-radiation.
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made, each time changing sHghtly the incHnation

of the crystal."'
^^

In all other respects the conditions for obtain-

ing precision patterns are the same as with pow-
der photographs. However, there still remains the

question about the influence of the asymmetric
refraction on the positions of the diffraction spots,

especially if the single crystal is not regular in

shape (e.g., a splinter). The question requires

some further investigation.

Conclusion. The asymmetric method permits

one to obtain a very high precision in the deter-

mination of lattice parameters, approaching and
even exceeding under favorable conditions (with

sharp last lines on the films) 1:200,000 or 0.0005

per cent. This is achieved by simple means, al-

though with precisely built cameras. The meas-
urements and calculations involved are simple
and there are no corrections necessary except for

refraction. The method works without standard
substances. There is good agreement with the best

measurements of other authors.^

The high precision attained does not indicate at

all how closely the true or absolute value of the

lattice constants is approached. In other words, the

accuracy of the determinations is significantly

lower than the precision because of the presence
of systematic errors of unknown magnitude. One
of these errors is the uncertainty in the wave-
length \. In this article the wavelength is re-

garded as a constant. If precision measurements
of \ in the future will indicate a deviation from
the present values, determined lattice parameters
can easily be corrected if the wavelength used for

their calculation is given.

However, there is one more possibility to check
to a certain degree, the correctness of the lattice

constants obtained. For this purpose the densitj'

and the constants of very pure elements are deter-

mined. Assuming that their structure is perfect,

sound or ideal, the calculated number of atoms
per unit cell should be an integer within the
limits of error. The extent to which this can be
achieved is shown in the article on Perfection of

Crystalline Structures (from Lattice Constant and
Density Measurements).
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PARAMETERS OF CRYSTAL LATTICES: III. X-RAY DIFFRAC-

TION METHODS WITH ESTIMATES OF ACCURACY

AND PRECISION OF THESE METHODS

Lattice parameters are a measure of unit cell

dimensions of crystalline materials and, in the

case of simple crystal structures, they provide a

direct measure of internuclear distances. The pre-

cise and accurate determination of the lattice

parameters (constants) of crystalline materials

has assumed increasing importance in recent

years. For example, such data are essential in

helping to solve many problems in solid state

physics.

Lattice parameter data have been used (1) in

developing more satisfactory concepts of bonding

energies in crystalline solids, (2) in studying the

physical characteristics of interstitial and substi-

tutional solids solutions, (3) in determining some
of the more subtle effects of radiation damage in

solids, (4) in developing phase equilibrium dia-

grams, (5) in determining residual stresses in such

materials as hardened steels (see section in En-

cyclopedia on "Stresses, Residual, in Hardened
Steels: Determination by X-Ray Diffraction"),

(6) in the quantitative determination of disloca-

tion densities and atomic weights, and (7) in de-

termining true densities and thermal expansion

coefficients of materials for which these properties

are difficult or impossible to determine by con-

ventional methods because of the physical state

of the material; i.e., if it is a powder, porous ma-
terial, etc. Finally, the precise and accurate de-

termination of lattice parameters is of importance
wherever data of this type are used in interlabora-

10,000

tory comparisons, including X-ray identification

methods. Whenever the differences in diffraction

patterns among crystalline compounds become
rather subtle, an accurate and precise knowledge
of lattice parameters "d" values will help to re-

solve the identification problem. Other examples

could be cited, but these should indicate the scope

and magnitude of lattice parameter applications.

To simplify discussion, we shall confine our-

selves to cubic materials having only one lattice

parameter, the unit cell edge, designated ao (the

axial angles are implied to be 90°). ao may be de-

termined by X-ray diffraction techniques using the

Bragg equation, nX = 2dhki sin 6, and the relation-

ship,

Fig. 1. Precision in ao as a function of 9 or 2d for

various precisions in 6 according to: -— = cot

A^l

ao

ao = dhki \/h'^ + yt2 + 1^

where

:

dhki is the interplanar spacing of the Bragg
planes having Miller indices, {hkl)

6 is the Bragg angle of reflection from these

planes,

n is the order of reflection,

X is the wavelength of X-rays used.

Basically, the problem of determining ao pre-

cisely and accurately depends (1) on the precision

and accuracy with which 6 and X can be determined

and (2) on the relationship of precision between

ao and 6 illustrated in Fig. 1. From this figure it

can be seen, for a given precision in d, the precision

in ao increases with increasing d. It is no great

problem to obtain high precision alone as long as

diffraction lines are measured at sufficiently large

Bragg angles. For example, a precision of about 1

part in 10,000 (0.01 per cent) in ao can be obtained

merely by measuring a diffraction line position

with a precision of 0.05°^ at about 83°d (166°20)

providing, of course, that a diffraction line occurs

at this angle. This precision in d can be easily

achieved with most modern powder cameras or

diffractometers. The best precisions claimed in

the literature are on the order of 0.001 °9. At about
87°^ (the highest measurable angle obtained in a

practical film powder camera), this corresponds to

a precision in ao of about 1 part in 1,000,000 (0.0001

per cent).

Such potentially high precision serves as a

great inducement to use X-ray diffraction tech-

niques for some of the problems mentioned above.

Precision alone can be useful when analyzing a

series of similar samples using the same X-ray
equipment in an identical manner from sample to

sample; however, precision without corresponding

accuracy is of dubious value in many other prac-

tical cases. Where both accuracy and precision are

required, some difficulties arise.

Accuracy requires removal of S3^stematic errors

from the data within the precision of the 6 and X

measurements. The major effort in developing lat-

tice parameter techniques has been concerned

with the understanding and removal of systematic

errors from lattice parameter calculations. Table

1 lists the major sources of systematic errors for

cylindrical film cameras and diffractometers. Er-

rors of this type also apply to other instruments
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Table 1. Principal Sources of Systematic Errors in Lattice Parameter Determinations.

Major Factor Involved Cylindrical Film Cameras Diffractometers

Sample Temperature control

Absorption
Eccentricity

Wobble

Temperature control

Transparency or absorption

Surface displacement from rotation axis

Surface tilt with respect to rotation axis

Surface flatness

Instrument

Detector and line

position measure-
ments

-rays

Camera radius

Zero position

Radial divergence

Axial divergence

(nonuniform film shrinkage)

Uniform film shrinkage

Observer bias in measuring line posi-

tions visually

Asymmetrical source profile

Lorentz and polarization factors

Dispersion

Refraction
Wavelength

Diffract ometer radius

Zero setting

Radial (horizontal) divergence

Axial (vertical) divergence

2:1 mis-setting or tracking

Angular Scale

Misalignment

Observer bias in fixing centroid or peak
positions

Rate meter recording

Asymmetrical source profile

Lorentz and polarization factors

Dispersion

Refraction

Wavelength

such as focusing and flat plate back -reflection

cameras. An effort has been made in Table 1 to

sort out the error sources according to the major
factors which give rise to the various errors. Cor-
responding error sources for camera and diffrac-

tometer geometry are listed on the same line. A
dash indicates that there is no corresponding

source. These error sources will be discussed below
as they apply to the various methods for determin-

ing lattice parameters.

All error sources except wavelength affect the

accuracy of the lattice parameter through their

effect on 6, the Bragg angle. Wavelength error, on
the other hand, affects lattice parameter accuracy
through X in the Bragg equation and, since wave-
length errors are somewhat different in nature

from the other errors, their effects will be dis-

cussed separately.

The major limitation on lattice parameter ac-

curac}^ due to wavelength is the limited accuracj^

with which some X-ray wavelengths are known.
Many wavelengths are known accurately only to

1 part in 50,000; however, the peak values for

some are estimated to be known accurately to

about 1 part in 1,000,000, e.g., the CuKai and Fe
Kai wavelengths which are widely used in lattice

parameter measurements. Another wavelength
type factor which affects lattice parameter ac-

curacy is the conversion from Angstroms (the unit

commonly used to express lattice parameter
values) to kX-units (the unit commonly used by
spectroscopists in reporting X-ray wavelengths).

A widely used factor for converting kX-units to

Angstroms is 1.00202 and this factor is known ac-

curately only to about 1 part in 30,000.

Inaccuracies in the knowledge of X-ray wave-
lengths or of the conversion factor can be handled

separately from Bragg angle accuracy, espe-

cially if the peaks of diffracted intensit}^ are the

measured quantities. The only requirement needed

to eliminate these factors as variables affecting

lattice parameter accuracy is that common values

be used whenever making interlaboratory or inter-

equipment comparisons. It is, of course, under-

stood that any improvements in X-raj^ wavelength

accuracy can be immediateh^ reffected in an im-

provement in lattice parameter accuracy via the

Bragg equation, or vice versa. Further discussion

of lattice parameter accuracy will be based on the

premise that wavelength and Bragg angle accura-

cies can be handled separately.

The magnitude of the systematic error problem

in determining d has already been indicated; i.e.,

when precisions of about O.O5°0 are satisfactory,

the s3'Stematic errors can be kept down to this

level using modern X-ray equipment, a moderately

careful experimental technique, and any of the

several calculation procedures to be described.

At this level the systematic errors can, to a large

extent, "take care of themselves." At the 0.01°^

level, it becomes much more important to evaluate

the magnitudes of the systematic errors as they

apply to the particular experimental conditions

used. At the 0.001°^ level, the detailed nature of

all systematic errors needs to be closely evaluated

before any can be said to be insignificant. Signifi-

cant errors (>O.OO1°0) need to be corrected in a

statistically valid manner in order to obtain a

precise and accurate value of ag at this level.

The difficulties in correcting for systematic er-
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rors in d in a valid manner were vividly demon-
strated in a recent inter-laboratory comparison

sponsored by the International Union of Crystal-

lography (lUCr).^ The lattice parameters of

powder samples of silicon, tungsten and diamond
were determined by 16 laboratories around the

world. In spite of using subsamples of the same
homogeneous sample, and the same wavelength

and conversion factor values, the agreement (a

measure of accuracy) was only about 1 part in

10,000 (0.01 per cent), although precisions as high

as 1 part in 550,000 (0.00018 per cent) were re-

ported.

One of the significant factors leading to this

relatively poor accuracy was the lack of a valid

statistical test to determine when the systematic

errors in 6 had been removed from the data within

the precision of measurement. Such a test has been

recently devised and is incorporated in a method
for the precise and accurate determination of lat-

tice parameters. It is called the likelihood ratio

method (LRM).2 Using the LRM, the lattice

parameter data obtained by Bond^ on a zone-re-

fined silicon single crystal have been shown to be

accurate within the precision of measurement (1

part in 390,000 at 95 per cent confidence limits).

The LRM has also been applied to centroid diffrac-

tometer data for lUCr tungsten powder. These
data were obtained by Dr. B. W. Delf of Prof. A. J.

C. Wilson's laboratory and were shown to be pre-

cise and accurate to about one part in 180,000 ac-

cording to the LRM. Any lattice parameter
data of high precision should be tested for accu-

racy using the LRM or a comparable statistical

method if such data are to be used in future inter-

laboratory tests.

Before describing three methods which may be

used to obtain lattice parameter data having pre-

cision and accuracy at the 0.001 °0 level, a his-

torical survey will be made to place these methods
in the proper perspective. Several of the methods
developed since the 1930's are capable of precision

and accuracy at the 0.01 °0 level but only a few,

including the Bond,^ Straumanis,"* centroid,^ and
film-convolution^ methods are capable of precision

and accuracy at the 0.001°^ level. Of these, only

the Bond and centroid methods have been proven
by the LRM to provide accurate lattice parameter
data at this level of precision. The Straumanis
method has also been shown to provide accurate

lattice parameter data at this level, although the

proof to data has been more indirect than for the

other two methods.
Historical Development. Early Work.

Shortly after the discovery of the principles of

powder X-ray diffraction b}^ Debye, Scherrer and
Hull in 1915, lattice parameters of many sub-

stances were calculated with a precision of about
2 per cent. Technique improvements were made
using cylindrical and back-reflection cameras, with
or without standard calibrating substances. By
the early 1930's the precision of measurement had
increased to about 1 part in 20,000 (0.005 per cent)

.

At this time, further improvements took place in

two directions beginning with the experimental

reduction of systematic errors by Straumanis^ and
the extrapolation methods of Kettman^ and Brad-
ley and Jay.**

Straumanis Film Method (Cf . preceding arti-

cle by M. E. Straumanis). Combining the best of

available experimental techniques with some of

his own, Straumanis et al.^ obtained a precision of

about 1 part in 200,000 (0.0005 per cent) on alu-

minum in 1936. This is based on measuring diffrac-

tion line positions with a precision of about
0.002°<^. (0 is defined using the Bragg equation in

the form, n\ = 2d cos 4>) In developing his method.
Straumanis claims to have reduced systematic
errors experimentally within the precision of

measurement; hence, his accuracy would also cor-

respond to about d=0.002°^. Although Straumanis
has offered no rigorous proof to demonstrate ac-

curacy of this magnitude, a quantitative evalua-
tioni° of some of the systematic errors inherent in

the Straumanis method for certain limited experi-

mental conditions indicates that his claims are

substantially correct. With minor modifications^^

the Straumanis technique still represents one of

the most precise and accurate methods available

for lattice parameter determination. It is discussed

in more detail in the later section on this topic.

Extrapolation Film Method. In 1932 Bradley
and Jay* showed that the magnitudes of certain

systematic errors were proportional to cos^ 6 and
would reduce to zero for cos^ d = (6 = 90°).

Thus, by plotting lattice parameter values calcu-

lated from several (hkl) reflections in the range

of 60 to 90°6 against cos^^ and extrapolating

linearly to cos^ 6 = 0, this would yield a lattice

parameter value free from these systematic errors.

If these were the only systematic errors, the

extrapolated lattice parameter would be an accu-

rate value within the precision of measurement.
Bradley and Jay's precision of measurement was
on the order of 0.01°6 (considerablj^ less than
Straumanis').

The cos^ 6 extrapolation function w^as derived

based on the assumptions that systematic errors

are due to absorption in a highly absorbing capil-

lary sample and to eccentricity of this sample with
respect to the film cylinder. The absorption por-

tion of their derivation is based on a divergent
X-ray beam while the eccentricity portion is based
on a parallel beam. Although absorption and ec-

centricity are, indeed, two of the major systematic
errors in film powder cameras, they are not neces-

sarily the only ones. Furthermore, the assumptions
of a highh^ absorbing sample and parallel radiation

are by no means universal in their application.

Finall}^ the graphical method of drawing in the

"best fitting" extrapolation line gives rise to a

degree of subjectivity on the part of the observer

which does not lend itself particularly to accuracy.

In spite of these limitations, the cos^ 6 extrapola-

tion method has been successfulh'- applied and it

and similar functions are in widespread use to-

day. A reason for its success is that a precision of

about 0.01 °0 is satisfactory for much lattice param-
eter work. This level of precision is sufficiently low
to mask the effects of the approximations used, as
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well as systematic errors not included, in deriving

the cos^ d function in many cases of practical in-

terest.

The cos2 d extrapolation function has been

treated in some detail here because it is the basis

of much additional lattice parameter development.

For example, Cohen^^ [^ 1935 developed an ana-

lytical method for cos^ extrapolation by means

of a linear least squares fit to the data. Cohen's

method eliminated the subjectivity of fitting the

"best" straight line graphically; however, it im-

posed an arbitrary weight on each lattice parame-

ter value regardless of the precision with which the

diffraction line could be measured from which that

parameter was calculated. It was realized that

lattice parameter values could be determined with

higher precision at larger 6 angles because of the

cot d effect (see Fig. 1) and, hence should be given

more weight. Hess^^ and others developed weight-

ing functions to overcome this limitation of the

Cohen analytical extrapolation; however, these

developments were all limited by the cos^ 6 func-

tion itself and the fact that the weighting was still

based on a more or less arbitrary function rather

than on the precisions with which the diffraction

lines themselves could be measured.
Other extrapolation functions were developed

for cylindrical and back-reflection cameras and

their characteristics have been ably reviewed. i'*' ^^

As with the cos^ d function, they have been derived

on the basis of including the effects of some, but

not all, systematic errors and they have limitations

of the same nature as those described by the cos^ 6

function. Among the extrapolation functions

widely used at present is the one developed inde-

pendently in 1945 by Taylor and Sinclair ^^ and

Nelson and Riley." This extrapolation function,

t = 3.^ (cos 20/sin d + cos2 6/ 6), is derived based

on (1) using cylindrical samples of intermediate

absorption having no eccentricity with respect to

the film cylinder and (2) an exponential X-ray

source distribution. The advantages of this func-

tion over cos^ are that it takes into account the

highly practical case of samples of intermediate

absorption and that it is linear over a wider range

(from 30 to 9O°0). Its major disadvantages are that

it ignores eccentricity and other systematic errors.

The development of extrapolation functions has

continued to the present day, including nonlinear,

least squares extrapolations,^^ however, all such

functions suffer in principle from the major limi-

tation that no one function can be developed, the

extrapolation of which will universally result in

the elimination of all systematic errors within the

precision of measurement. An ingenious way of

exploiting this limitation of extrapolation func-

tions has been recently developed by Mueller,

et al.,^^ who have prepared computer programs for

calculating lattice parameters using several ex-

trapolation functions and weighting factors in

various combinations. Because of the speed of com-

putation, many combinations can be calculated

quickly. The lattice parameter obtained using the

"best" combination is then chosen as the correct

(accurate) value. "Best" is defined here in terms

of a function Vi where

Vi = sin^ 0i (computed) — sin^ 0i (observed).

Vi's are calculated for several diffraction lines using

a given extrapolation combination and these

values are plotted against 0. The "best" combina-

tion is that which shows the smallest deviations

of the Vi's from zero. A potential difficulty with

this method occurs if the deviations of the vi's

cannot be satisfactorily minimized regardless of

which extrapolation and weighting combination is

used. The method offers no obvious guide to help

improve this situation.

Centroid Method for Asynmietric Diffrac-

tometers. Straamanis Film Method. With the ad-

vent of asymmetric diffractometers (asymmetric

only in the sense that measurements are made on

one side of zero and 180° 20 or one-half of the com-

plete diffraction circle) employing Geiger, propor-

tional, and scintillation counter detectors, a new
avenue of lattice parameters determination was
opened up. This method was given its initial im-

petus in 1950 by Wilson^o in his evaluation of sys-

tematic errors as they apply to diffraction profiles

obtained with diffractometers. In this paper Wil-

son developed expressions for shifts of the cen-

troids and peaks oi diffraction profiles due to radial

(horizontal) divergence, specimen and transpar-

ency errors. This was followed in 1954 by a sugges-

tion of Parrish and Wilson^i that corrections for

systematic errors can be made more readily using

the centroids instead of the peaks of the diffraction

profiles; hence, the development of the centroid

method for diffractometers.

In addition to being able to use point-by-point

scanning techniques or to obtain diffraction pro-

files directly on charts, diffractometers have the

apparent advantage over film methods of provid-

ing greater precision and accuracy in angular

measurements; however, this is not always borne

out in practice for commercially available dif-

fractometers partly because of mechanical prob-

lems in obtaining driving gears for the sample and

detector tables free of systematic error (angular

scale in Table 1) within the precision of measure-

ment. The precision of measurement for diffrac-

tometers is on the order of O.OO1°20 (O.OOO5°0)

according to Pike and Wilson^ who, with Parrish

et al.,^^ have been largely responsible for the de-

velopment of the centroid method for asymmetric

diffractometers.

The centroid method involves determining the

centroid position (in degrees 20g) of a suitably

truncated diffraction profile, the profile being ob-

tained by scanning the diffraction line point by

point on the diffractometer. It is necessary to

truncate the profile to obtain a finite area for which

a centroid can be determined. (Diffraction profiles

have a divergent Cauchy-like distribution, the

centroid of which is indeterminate.) Two trunca-

tion procedures have been described. ^^
22

After determining the centroid of the truncated

profile, systematic error corrections in degrees 2

are applied to the centroid 20g value. The corrected
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value is accurate provided the systematic error

corrections have been made properly. An accurate

lattice parameter value may then be calculated

from the corrected 2dg using a centroid-based

wavelength value.

A major feature of the centroid method is that

corrections for geometric systematic errors can be

made in a purely additive manner based on the

centroids of the error (aberration) functions.

Other methods of making systematic error cor-

rections to diffraction profiles require a much
more elaborate mathematical approach involving

convolution (unfolding) of the aberration profiles

from the observed profile to obtain the pure dif-

fraction profile and a measure of its angular dis-

placement with respect to the observed profile.

Furthermore, the centroid of an aberration profile

can be determined more readily than the profile

itself. Finally, the centroid method does not de-

pend on the resolution of the Ka doublets, as do

methods based on peak measurements, since the

centroid of the doublet (resolved or unresolved)

is the measured quantity.

In spite of these obvious advantages of the cen-

troid method, there are certain difficulties that

still need resolving. These include: (1) The wave-
length problem; i.e.. X-ray wavelengths based on
spectral profile centroids have not yet been pub-

lished and, according to some X-ray spectros-

copists, are not likely to be published in the near

future since the pure spectral profiles are not

known theoretically or experimentally with suffi-

cient accuracy. This problem is perhaps a little

more serious for centroids than for peak measure-
ments since the centroid is more intimately related

to the shape of the diffraction profile than the

peak. Nevertheless, by stating the wavelength
value used, accurate centroid parameter deter-

minations can be made based on the precision and
accuracy of the centroid Bragg angle measure-
ments corrected for systematic errors. (2) Certain

systematic error factors are inherently difficult to

evaluate for the centroid method using the asym-
metric diffractometer. For example, the sample
surface displacement error requires great experi-

mental finesse to evaluate and control it without
resorting to extrapolation methods. The angular

scale calibration is another systematic error diffi-

cult to evaluate completely over the angular range

of interest at the 0.001° 6 level. (3) The centroid

method depends on having diffraction profiles

which, except for the ai — 02 doublets, do not

overlap. Profile overlap creates an almost insu-

perable problem in applying the centroid method
and this overlap is unavoidable in many cases of

interest. In spite of these difficulties, centroid lat-

tice parameter values precise and accurate at the

0.001° d level have been obtained^^ and will be dis-

cussed in a later section on this topic.

Bond Peak Method for Symmetrical Dif-
fractometers. This method was developed by
Bond^ in 1960 and is, in some ways, the diffractome-

ter counterpart of the Straumanis film method.
This diffractometer method involves (1) measur-
ing diffraction angles symmetrically about zero

and 18O°20 as contrasted to the asymmetric dif-

fractometer in which diffraction angles are meas-

ured only on one side of zero and 18O°20, (2)

measuring the peaks (centerline method) of dif-

fraction profiles rather than the centroids, and (3)

eliminating most major systematic errors experi-

mentally rather than by calculation.

This method is somewhat restricted in applica-

tion in that it can only be used with single crys-

tals; however, advantage is taken of this fact by
measuring crystal angle position instead of diffrac-

tion angle for a given (hkl) reflection. By measur-

ing crystal angle positions symmetrically, it is

possible to eliminate eccentricity, absorption,

zero setting, and source profile errors experimen-

tally and to minimize the remaining errors. This

will be discussed in more detail in the section on

the ''Bond Symmetrical Diffractometer Method."
Symmetrical diffractometers are being developed

for powder samples^^- ^^ and will probably become
more and more important in the determination of

precise and accurate lattice parameters. Their

symmetry has the potential advantage of reducing

systematic errors such as zero setting and sample

surface displacement which are inherently more
difficult to handle when using asymmetric diffrac-

tometers.

Convolution-Film Method. Beu et al.^ are

developing a film method for the precise and ac-

curate determination of lattice parameters at the

0.001°^ level based on a modification of the Strau-

manis method. 4' ^^ The basis of this new method is

to measure several diffraction line positions for

d > 60°, to correct these measurements for residual

systematic errors, and from these corrected meas-

urements, to calculate the maximum likelihood

estimate of the lattice parameter, Go ,
under the

hypothesis of "no remaining systematic errors"

using the LRM.
Since this method utilizes peak measurements,

the additive method of correcting for certain sys-

tematic errors, which is a feature of the centroid

method, cannot be used here. Rather, error profiles

have to be determined and these are convoluted to

obtain a measure of the total displacement of the

measured peak position from the true 26 position,

undistorted by these systematic errors. In particu-

lar, profiles due to absorption and radial diver-

gence are calculated using a modified Taylor-Sin-

clair line contour matrix method^* which takes into

account the experimentally determined absorp-

tion coefficient of the sample powder and the capil-

lary or fiber on which the powder is mounted, the

sample diameter, and the pertinent camera di-

mensions. The profiles due to axial divergence are

also calculated for the same sample and camera

geometry. 29 This tj^pe of convolution profile syn-

thesis was originally described by Klug and Alex-

ander in connection with the determination of

diffraction profile shapes using an asymmetric

diffractometer. 3°

The Lorentz and polarization factors do not

have profiles associated with them. Rather, they

are multiplicative factors to be applied point by

point to the profile in the vicinity of the peak.
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Correction for dispersion* is also a multiplicative

factor except that it has no significant effect on the

peak position^ and can be ignored at the 0.001 °0

level. Other systematic error factors such as ec-

centricity^^ are additive and are applied to the

measured 6 values after they have been corrected

by the necessary convolution and multiplicative

procedures. Refraction is also an additive correc-

tion usually applied to the corrected "d" values.

Using the Straumanis method (symmetry of meas-

urement about zero and 18O°20, and asymmetric

film loading) no corrections are required for

camera radius or zero position.

In making film measurements it is necessary- to

determine to about O.OO2°0 the exact point on the

diffraction profile which is measured visually. This

is accomplished by using (1) a manual densitome-

ter having a linear measuring capabilit}^ equiva-

lent to 0.001 °0 accuracy or better and (2) calibra-

tion lines printed on the film in the vicinit}- of the

diffraction lines of interest. ^^ xhe determination

is then made by comparing the calibration-diffrac-

tion line differences as observed visually and as

observed on the densitometer record. The angular

position measured visually on film, as thus related

to the diffraction profile, is the position to which

systematic error corrections are applied. Using

this method, it makes no difference if the position

measured visually is the peak intensity position or

one nearby. This procedure, incidentally, corrects

for any nonuniform shrinkage in the immediate

vicinity of the diffraction line being measured.

Uniform shrinkage over the entire film is handled

automatically by the Straimianis method. Other

experimental details such as sample temperature

measurement will be discussed below in the section

on the "Straumanis Film Method."
After the diffraction lines are measured with a

precision of about O.OO2°0 and are corrected for

systematic errors as described above with an ac-

curacy of 0.001°^ or better, the lattice parameter,

ao , is calculated using the LRM. The convolution-

film method has not yet been carried to the point

of calculating Oo's, although all necessary pro-

cedures have been worked out and no serious diffi-

culty is anticipated.

The Likelihood Ratio Method (LRM). Basis

for the LRM. The LRM is a method for evaluat-

ing the accuracy of lattice parameters based on the

criterion of internal consistency of the diffraction

data. This involves a statistical comparison of the

measurement precision of several corrected dif-

fraction line positions of a given sample with the

lattice parameter values calculated for those lines.

If the lattice parameters thus calculated differ by
less than the precision of measurement, an ac-

curate value of the lattice parameter, designated

ao , for cubic materials may then be calculated.

As pointed out previously, Uo represents the maxi-

mum likelihood estimate of the lattice parameter

under the hypothesis of "no remaining systematic

* Pike and Wilson^ have pointed out that the

peak position is not affected by the combined dis-

persion plus Lorentz factors. Either alone may
have a slight effect.

errors" in the diffraction angle measurements. The
hj-pothesis is formulated as follows:

ei = 62 = 63 = • • • = em = or e^ =

where ei is the remaining systematic error at the

^th diffraction angle and m is the number of dif-

fraction lines measured; et is defined by the equa-

tion ei = \pi — di , where \pi is the average of rii

measurements of xpia, which is the ath. measure-

ment of the ith diffraction angle, and di is the true

but unknown value of the Bragg diffraction angle d.

The LRM is applicable to all diffractometer or film

methods for which systematic error corrections

can be applied to individual diffraction line meas-

urements. The LRM was developed by Beu et at}

for cubic materials in 1961. It is now developed for

tetragonal and hexagonal materials and will be

further expanded to include other crystal sym-
metries.

The LRM involves obtaining two estimates of

cio : do which is based on the assumption that

XI, c, = and a,, which has already been defined.

In obtaining these estimates, a function, W {ao)

,

is obtained, the minimum of which, Wm , is dis-

tributed according to the chi -square function (a

statistical device for testing hypotheses). By
comparing W „, with a critical value of the chi-

square distribution, w^ , the extent of systematic

error removal can be determined statisticall.y. If

W,„ > ii\ , the systematic errors have not been

removed fiom a„ within the precision of measure-

ment and an accurate value of a^ cannot be deter-

mined. On the other hand, if Wm < w^ , it may be

concluded that the systematic errors have been

removed within the precision of measurement at

the e significance level and a„ may be calculated.

An estimate of the standard deviation of do , des-

ignated Sao ) rna3^ then be calculated. The inequal-

ities between Wm and w^ which are the crux of

this method are postulated based on a theorem

related to the likelihood ratio i^^ hence, the name
of the method.
Features of the LRM: 1. The most important

feature of the LRM is that it provides a valid

statistical criterion for determining the accuracy

of a lattice parameter calculation based on the

premise of internal self-consistency of the data;

i.e., a lattice parameter value for a given sample

is the same within the precision of measurement

regardless of which (hkl) reflection is used to cal-

culate this parameter.

2. All systematic error factors which are related

directly to 6 will be included in the LRM evalua-

tion of accuracy. Even those factors which require

a constant correction in d for each diffraction angle

will be included in this evaluation. The zero set-

ting error is a factor of this type and is of special

importance in diffractometer work. The major

factor which does not enter directly into the LRM
evaluation is the X-ray wavelength and, as has

been pointed out previously, wavelength accuracy

can be handled separately from d accuracy.

3. A comparison of Wm calculated after making

each systematic error correction, with the critical

value w^e obtained from the chi-square distribution,

will indicate if the correction is valid. If Wm re-



715 PARAMETERS, LATTICE III

Table 2.

Delf's Centroid Data for Tungsten

(Corrected to 18°C)

(hkl) of Diffraction

Lines Measured (110) (211) (310) (321)

Av. 2e° (measured) 39,50121 72.47161 99.93921 130.60921

Av. e° = i//j (uncorrected) 19.75061 36.23581 49.96961 65.30461

n^ (measurements per line) 7 7 9 8

8^2 (e°)2 60. 9 X 10~8 29. 9 X 10-^ 75. 8 X 10~« 602 X 10"8

Si (6°) 0.00078 0.00055 0.00087 0.00245

Systematic Error Corrections (°29)

Error Number*

(hkl) 1 2 3 4 5 6

(110) +0.7675 +0.0053 +0.0080 +0.0160 -0.0015

(211) +0.7675 +0.0045 +0.0039 +0.0050 +0.0039

(310) +0.7675 +0.0036 +0.0391 -0.0003

(321) +0.7675 +0.0023 +0.0212 -0.0074 -0.0050 -0.0020

*Coding for Systematic Error Corrections

1. Zero

2. Specimen - surface displacement

3. Flat specimen

4. Axial (vertical) divergence

5. Dispersion, Lorentz and polarization

6. Angular scale

The transparency correction was taken as zero for all lines.

mains about the same or increases, then the cor-

rection is either insignificant or improper. The cor-

rection is useful only if Wm decreases. Finally,

after all corrections are made, if Wm is still greater

than We , then either one or more corrections are

of the wrong magnitude or there are additional

unknown systematic errors. Only if Wm < We can
it be claimed that all systematic errors have been
removed within the precision of measurement at

the chosen significance level.

4. If Wm < W( , this implies further that asym-
metry of the characteristic wavelength distribu-

tion and its resolution, or lack of resolution, into

the «i — 0-2 doublet for example, has a negligible

effect at the e significance level on the calculated

value of the lattice parameter based on the self-

consistency criterion. This does not, however, in-

dicate whether the characteristic (peak, centroid,

etc.) used to calculate the lattice parameter is an
accurate value.

5. After correcting the \pi values for s^'stematic

errors, one at a time, the magnitude of the Ci

values may be observed for S f^' = 0- If the et

i

values have not decreased significantly for a given

systematic error correction, then the technique
for making that correction is suspect and should
be re-examined. Thus, the LRM is useful in pin-

pointing the sources of systematic error and in

evaluating the techniques used in correcting for

systematic errors. These points will be illustrated

in the next section.

Example Using Delf's Centroid Data on
Tungsten* Experimental Data. Dr. B. W. Delf

kindly supplied the author with centroid data on
tungsten for LRM evaluation. The experimentally

determined centroid angle values (corrected to

18°C) are given in Table 2 for the four diffraction

lines of tungsten that were measured by Delf. The
average 2d and \pi (uncorrected di) values are based
on Hi measurements per line. Si and Si^, the stand-

ard deviation and variance estimates of the av-

erage values respectively, were calculated using

the equation:

>r = - E (^.o ^iY-

The six corrections to be applied to the \pi values

are also listed in Table 2 along with the numerical

values for the corrections. The transparency error

was assumed to be zero because of the extremely
high absorption coefficient of tungsten.

The algebraically combined corrections and the

corrected xpi values are listed in the third and
fourth columns from the left of Table 3 for several

systematic error combinations (column Xo. 1) to

* The LRM evaluation of these data was pre-

sented as paper No. 32, ''The Precise and Accurate
Determination of the Lattice Parameter of Tung-
sten Using the Likehhood Ratio Method," by K. E.

Beu, Pittsburgh Diffraction Conference, Mellon
Institute, Pittsburgh, Pa., Nov. 7(9, 1962.
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Table 3.

Summary of LRM Calculations from Delf's Data on Tungsten at 18°C

Type of Systematic

Error Correction* (hkl)

Correction

to \Pi

(0")

Corrected

^i
(6°)

Si

(6°)

ao

(A) k
A A

(A) Wm

1+2+3 110

211

310

+0.39040

+0.38795

+0.40510

20.14101

36.62376

50.37471

-0.00734

-0.00362

+0.00124

321 +0.39550 65.70011 +0.00972 0.00000 3.164997 3.164939 +0.000058 80.0

1+2+3+6 110

211

310

+0.38965

+0.38990

+0.40495

20.14026

36.62571

50.37456

-0.00809

-0.00168

+0.00107

321 +0.39450 65.69911 +0.00870 0.00000 3.164997 3.164947 +0.000050 71.3

1+2+3+4+6 110

211

310

+0.39765

+0.39240

+0.40495

20. 14826

36.62821

50.37456

-0.00064

-0.00030

-0.00074

321 +0.39080 65.69541 +0.00168 0.00000 3.164914 3. 164937 -0.000023 8.95

1+2+3+4+5+6 110 +0.39765 20.14826 -0.00044

(all) 211

310

+0.39240

+0.40495

36.62821,

50.37456

+0.00012

-0.00007

321 +0.38830 65.69290 +0.00039 0.00000 3.16494415 3.16494374 +0.00000041 2.50

ao = 3. 164944 A (for W^ < w^)

Sf,
-0.000009A

^o

957oL.E. of ao = ±0,000018 A

* See Table 2 for coding of corrections.

7.815 for 0. 05 significance level,

3 degrees of freedom

1.541760 A for weighted mean CuKa

show how the ei and W„t are reduced as additional

systematic error corrections are applied. Sample

calculations for e^ , do , ao ,
and W,„ are given in

the next two sections using the data for the "all

correction" case (Table 3) as an example.

Calculation of do and hfor *^All Correction''

Case. Values for ei for each diffraction line are de-

termined using the equations:

tto sin 6i = Ki

where the 6, are calculated from estimates of Oo and

Ki = [n\{h^ + A-2 + 1^)^/2 for cubic materials.

where the \pi are the corrected values given in the

fourth column of Table 3 and the di have been

calculated using estimates of ao and the previous

equation.

Only two estimates of do are required, such that

the corresponding values of 2 e, are respectively
i

positive and negative and close to zero. Since

estimates of ao plotted against 2 ei have a linear

relationship, a linear interpolation can easily be

made graphically or analytically for the point

(ao
, ^ ei = 0). This interpolation provides the

estimate do since, by definition, do is that value

of 0,0 for which 2 ^i = 0. After do is obtained,
i

di and ti for the individual diffraction lines can

be calculated using the two equations above.

For Delf's "all corrections" data on tungsten,

do was found by interpolation to be 3.164944A and.

using this estimate of «„ , the ^i's (in degrees 6)

were determined to five decimal places as follows:

ihW (110) (211) (310) (321) 2,ei

K,* 1.090190 1.888264 2.437738 2.884370

^, 20.14826 36.62821 50.37456 65.69290

e. 20.14870 36.62809 50.37463 65.69251

ei,d° -0.00044 +0.00012 -0.00007 +0.00039 0.00000

* \ = 1.54 1760A (weighed mean CuKa)

These calculations need to be made only if it is

desired to explore the magnitudes of the e^'s and

to pinpoint sources of difficulty in making sys-

tematic error corrections. Ci and do are not needed

otherwise.

Calculation of Wm and ao for *^All Correc-

tion ' Case. Wm is a statistical function used to

determine whether or not systematic errors have

been removed from the data within the precision

of measurement. This is done by comparing Wm
with We , a critical value of the x-square distribu-

tion* at the e significance level. If Wm < w,
,
the

systematic errors have been removed within the

precision of measurement and a value of Go which

satisfies the hypothesis of "no remaining systema-

tic errors" may be calculated.

It can be shown^ that Wm is the minimum of the

function: W (ao) = ^ m In [1 + ie^ysi')].
i

By calculating Wiao) for several estimates of

ao in the vicinity of do , a plot of W{ao) vs. ao will

* Handbook of Chemistry and Physics, "40th

ed., pp. 218-219, Chemical Rubber Publishing Co.,

1959.
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Table 4.

Calculation of W (ao) for Delf's Data on Tungsten (All Corrections)

Line

No. (hkl) ^i

1

Si^

Estimate

of

sin e e ei=^i-ei

ei'

Si^
logio\^4

1 (110) 20.14826 60.89 X 10"^ 3.16494280

3.16494380

3. 16494490

0.344457883

0.344457774

0.344457665

20. 14871

20.14870

20.14869

-0.00045

-0.00044

-0.00043

0.3316
0.3223

0.3122

0.124374
0. 121330

0. 118000

2 (211) 36.62821 29.89X 10-^ 3.16494280

3.16494380

3.16494490

0.596618680

0.596618491

0.596618303

36.62811

36.62810

36.62808

+0.00010

+0.00011

+0.00013

0.0312

0.0405

0.0506

0.013385

0.017242

0.021437

3 (310) 50.37456 75.75 X 10"^ 3.16494280

3.16494380

3.16494490

0.770231234

0.770230990

0.770230747

50.37466

50.37464

50.37461

-0.00010

-0.00008

-0.00005

0.0139

0.0084

0.0046

0.005995

0.003633

0.001993

4 (321) 65.69291 602. 03 X 10-^ 3.16494280

3.16494380

3.16494490

0.911349855

0.911349567

0.911349279

65.69256

65.69252

65. 69248

+0.00035

+0.00039

+0.00043

0.0195

0.0245

0.0299

0.008387

0.010512

0.012795

W(aJ*

3.16494280

3.16494380

3.16494490

2,516

2.503

2.525

W(aJ = logglO 7 logio 1+-V + 7 logio 1 + Slogio 1 log]

reveal the minimum, Wm . From this plot, it can

be determined if Wm < We. K this is so, then So

is that estimate of ao which corresponds to Wm
The method for calculating W (ao) is indicated

in Table 4. Values of W{ao) in the vicinity of Wm
are given in this table and a plot of these values

against estimates of ao is given in Fig. 2. As can

be seen from this figure, Wm = 2.503. On the other

hand, w^ = 7.815 at the 0.05 significance level and

for three degrees of freedom corresponding to the

four measured diffraction lines. Thus Wm < w^

for Delf's data when all corrections are applied

and, hence, 0,0 = 3.16494374A,* corresponding to

Wm . As a matter of general interest, W (ao) versus

ao curves for various correction combinations are

given in Fig. 3. The steady decrease in Wm from

90 for corrections (1 +3) to 2.5 for all corrections

(l-f-2 + 3 + 4 + 5 + 6) can be readily observed.

Calculation of Sao and 95 per cent Limits of

Error. Sao is an estimate of the standard deviation

of tto and can be calculated once ao has been deter-

mined, using the following equation:

Sao for Delf's data was 0.000009A (calculations are

given in Table 5). 95 per cent limits of error (95

per cent L.E.) = ±1.96 Sao = d=0.000018A.

Thus, the lattice parameter of tungsten under

* Only six decimal places are significant based on

Sao (see next section); however, the reason for

including eight decimal places will become clear in

the section on "Implications of the LRM."

the hypothesis of "no remaining systematic

errors" was found to be: Oo = 3.164944A and an

estimate of its precision and accuracy for 95 per

cent L.E. is iO.OOOOlSA or one part in 180,000.

This is based on a weighted mean copper Ka wave-

length of 1.541760A and a sample temperature of

18°C.

Some Implications of the LRM Calculations

on Delf's Data. Fig. 3 shows that, as additional

systematic error corrections were included in the

measured \pi values, Wm decreased regularly, indi-

cating all corrections to be valid. Furthermore Wm
became less than We only after all of the corrections

3.I64944O0

Fig. 2. W {ao) vs Oo for Delf's data on tungsten

corrected for all systematic errors (expanded scale).
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n Zero

2) Specimen Surface Displacement

3) Flat Specimen

4) Axial Divergence

5) Dispersion, Lorenfz And Polari-

zation

(e) Angular Scale

5.164900 3.165000 3.165100 3.165200

Fig. 3. W (oo) vs Oo for DeK's data on tungsten (various combinations of systematic error

corrections).

Table 5.

Calculation of s^ for Delfs Data on Tungsten (All Corrections)

(hkl) (110^ (211) (310) (321)

si^ X 10"^ ^ef 60.89 29.89 75. 75 602.03

Gj (calculated using ag)* 20.14870 36.62810 50.37464 65.69252

(•^j-Gii^x 10-8 cef 18.80 1.73 0.36 16.57

0-2 X 10-8 ceft 79.69 31.62 76.11 620.60

\^ X 10"'° (radians)^ 2.43 0.96 2.32 18.90

Hj 7
-

9 8

(n/aV) X 10^0 2.88 7. 27 3.88 0.42

tanGj 0.367 0. 743 1.208 2.214

tan'^Gi 0.135 0.553 1.459 4.902

(ni/ai2)tan2'GiX 10^° 0.388 4.017 5.663 2.074

(3.165)2

S « tan2

i ""i^

12.142 X 101°
= 83.75 X 10-12

Sao = 9-1 X 10-« = 0.000009A

*ao = 3.164944A

tai2 = Si2 + (i//i + eiY-

were made. The sensitivity of the LRM to small the Xo. 5 correction reduced Wm below w, when

corrections is evident by comparing IT ™ before and applied as the last correction, indicating that it

after applying the No.'^S correction (see Table 2) was a necessary correction in spite of its small

as the last correction (the No. 5 correction is very magnitude.

small; zero for three diffraction lines and -0.005° Except in one case, the absolute values of the

2d for the fourth). Before applying Xo. 5, Wm = e-i's listed in Table 3 can be observed to be reduced

8.95 (greater than w, which is 7.815) while, after for each diffraction line as each additional system-

applying Xo. 5, Wm = 2.503 (less than w^ . Thus atic error correction is made. This is to be expected
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for valid systematic error corrections. Although

all systematic error corrections were valid, based

on reductions in Wm as each was made, et for the

No. 6 correction and the (110) diffraction line in-

creased slightly in absolute value, indicating that

the magnitude of this correction was not quite

correct for this line. The discrepancy apparently

was not great enough to prevent reducing Wm
below We for all corrections; however, the increase

in the No. 6 correction for the (110) reflection

indicates the sensitivity of the e^'s to corrections

which are even slightly improper. Furthermore, it

illustrates the ability of the LRM to pinpoint

difficulties in systematic error correction proce-

dures right down to the diffraction line and to the

type and magnitude of the correction involved.

A final point involves the quantity (do — So)

which is a physical measure of the systematic

error remaining in the lattice parameter calcula-

tions as contrasted to Wm which is a relatively

abstract statistical quantity. The physical sig-

nificance of (do — ao) can be readily visualized if

it is recalled that do is an estimate of ao based on

2 ei = 0, while Uo is an estimate of ao based on
i

the hypothesis of "no remaining systematic

errors"; e.g., d = 0.*

The quantity (do — aj has been given in Table

3 for the various error correction combinations

listed.** (do — ao) decreases in absolute value

withT^,„ ; however, except for the "all-correction"

case, (do — ao) is greater than Sao In the "all-

correction" case, (do - clo) is +0.00000041A or

about one-twentieth the value of Sao (0.000009A).

This indicates that the systematic errors have

indeed been removed from the data within the

precision of measurement.

do and ao have been given to eight decimal places

for the "all-correction" case to show the small

difference between these two estimates; however,

these quantities are significant only to six decimal

places based on the precision estimate Sao and they

should be rounded off to six places in actual prac-

tice.

Three Precise and Accurate Lattice Parame-
terMethods. J. Bond Symmetrical Diffractom-
eter Method.^ The geometry of Bond's method is

illustrated in Fig. 4. The flat slab crystal sample,

indicated in two (symmetrical) positions by the

stippled and open rectangles, is mounted on a

graduated circle, the angular position of which

can be read to one second of arc (0.0003°). This

graduated circle is provided with calibration data

indicating irregular errors (corresponding to angu-

lar scale error in Table 1) having a maximum
value of O.OO14°20. This corresponds to a maximum

*It should be noted that S ei = and ei

have different implications; e.g., the ei can have
significant values even though their sum may be
equal to zero. On the other hand, ei = imphes that

each ei is separately equal to zero.

** 0,0 may be calculated when Wm > e; how-
ever, it has no physical significance in this case

other than to observe the semiquantitative aspects

of (oo — a) illustrated in Table 3.

error of O.OOO7°0, part of which can be eliminated

by using the calibration data. Two detectors with

apertures considerably wider than the diffracted

X-ray beam width are placed at a given Bragg
angle position symmetrically with respect to

18O°20 as indicated.

The crystal is placed first in the stippled position

to reflect from a given set of (hkl) planes into the

upper detector and a series of count rate (in-

tensity) vs. crystal angle readings are made in

the vicinity of Ri . The crystal is then rotated to

the position indicated by the open rectangle to

reflect into the lower detector for the same (hkl)

reflection and a series of intensity vs. angle read-

ings is made in the vicinity oi R2 . A typical plot

for the silicon (444) reflection is shown in Fig. 5.

DETECTOR

Fig. 4. Schematic illustrating the geometry of

Bond's symmetrical diffractometer method.

16

^12
40

/o

9

ll4''-30 32' 34' 36'

Fig. 5. Typical profile for the sihcon (444) reflec-

tion using CuKa^ , d - 79°18'45". Peak position de-
termined by the centerline (upward extrapolation

of chord midpoints) method.
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The peak position is determined using the center-

line method. The difference between peak position

readings at Ri and Ro is equal to (180 - 2d) de-

grees, from which 6, d, and ao can be calculated.

By measuring crystal angle in this manner in-

stead of diffraction angle and by using wide de-

tector apertures, Bond was able to show that ec-

centricity, absorption, and zero errors could be

eliminated. Although he did not discuss them,

source profile, radial divergence, and diffractome-

ter radius errors can also be eliminated. The
principle which justifies these statements is based

on the idea that the shape of the diffraction profile

or its absolute position in space does not affect the

measured difference between corresponding crys-

tal angle positions as long as a major portion of

the profile falls within the detector aperture

(hence, the need for wide detector apertures).

The experimental validity of this idea can most

easily be illustrated in terms of sample surface

displacement (eccentricity) error. A crj^stal, one

mm thick, is mounted so that crystal angles can

be measured from the front or back side without

remounting the crystal. Thus, if one surface lies

on the axis of rotation of the graduated circle, Ihe

other will be displaced from this axis by one mm,
introducing a very large sample surface displace-

ment error. However, upon measuring crystal

angles as described, the difference in diffraction

angles (180 - 26) thus determined for the front

and back surfaces is not detectable within the pre-

cision of the graduated circle. Zero and diffrac-

tometer radius errors are also eliminated since 6

depends only on the measurement of peak posi-

tions at 7^1 and Ro .

The asymmetry of absorption and source profiles

modified by radial divergence affects the position

of maximum intensity at the detector apertures

but, since the detectors are used to measure in-

tensities and not angular positions, these error

sources, like eccentricity, have no effect on the

crystal angle readings. Rate meter recording er-

rors do not affect these measurements since the

detectors are used for point by point counting.

2:1 tracking error does not affect the results ob-

tained with this method because there is no 2:1

tracking as with most commercial asymmetric

diffractometers. Thus, the application of this tech-

nique to single crystals results in the elimination

of seven important systematic errors at the 0.001 °0

level.

Another possible error is that due to tilt of the

crystal planes being measured with respect to the

axis of rotation of those planes. Bond describes a

method for aligning the crystal to about one min-

ute of arc and then shows that an error of about

five minutes due to crystal tilt would cause an

error in d or Uo of about one part in 10^ Thus,

crystal tilt error can be controlled well within one

part in 10'' and, for practical purposes, is negligi-

ble at the O.OOre level.

Bond also describes how to eliminate, by cal-

culation, those errors which cannot be removed

experimentally. These include dispersion, axial

divergence, Lorentz and polarization factors, and

refraction. Since this method employs peak meas-

urements, Bond claims the error due to dispersion

is negligible (less than O.OO1°0). In the example

used by Bond, namely the lattice parameter deter-

mination of zone refined silicon, it was shown by
means of the LRM that corrections required for

axial divergence and Lorentz and polarization

factors were negligible; i.e., the value of the likeli-

hood ratio function Wm was not reduced to w^
,

nor was it changed significantly, after applying

these residual corrections to the raw data. On the

other hand, it was shown that application of the

refraction correction reduced Wm below We at the

0.05 significance level, ao could then be calculated

and it was found to be 5.430736 ± 0.000014A at 95

per cent confidence limits based on the X-ray

wavelength of 1.540510A for CuKai . This repre-

sents a precision and accuracy of one part in

390,000.

A factor which can also affect the accuracy of

ao is the measurement and control of sample tem-

perature. By using thin crystals mounted on an

insulated copper block, the temperature of which

is regulated to better than =t0.1°C, the tempera-

ture of the sample may be determined to better

than dzO.rC. This corresponds to a variation in

lattice parameter for silicon of less than 1 part in

10«, well below the O.OO1°0 level. Thus, except for

wavelength. Bond has accounted for all of the

systematic error factors listed in Table 1 and has

obtained a lattice parameter value for a silicon

single crystal free from systematic error at the

O.QOre level according to the LRISL

2. Centroid Methodfor Asytnmetric Diffrac-

tometers. Experimental Requirements and Sys-

tematic Error Corrections. The centroid diffrac-

tometer method developed in Prof. Wilson's

laboratory has been used to determine the lattice

parameter of tungsten with a precision and ac-

curacy at the O.OOr^ level as demonstrated by

means of the LRM (see section on Likelihood Ratio

Method). Using a weighted mean CuKa wave-

length of 1.541760A, the lattice parameter, 0,0 of

tungsten, based on the LRM hypothesis of "no

remaining systematic errors" in the Bragg angle

measurements was found to be 3.164944A* at

18°C, with a 95 per cent confidence interval of

±0.000018A. This corresponds to a precision and

accuracv of about one part in 180,000. The experi-

* Not corrected for refraction. The refraction cor-

rection is (1 - n) 0,0 to be added to a^ ,
where n is

the refractive index and (1 — n) is 49.6 X 10"^ for

tungsten and CuKa radiation, a , corrected for re-

fraction, is 3.165101A. Since the refraction correc-

tion in powders is primarily due to a change in

X-ray wavelength in the crystallites,''' the LRM
does not evaluate the significance of this type of

correction. This is contrasted with the refraction

correction for single crystals in which refraction at

the air-crvstal interface plays an important role in

addition to the wavelength change within the crys-

tal. In this case, the LRM does evaluate the signifi-

cance of the refraction correction. In fact, the refrac-

tion correction turns out to be the only significant

calculated systematic error correction for the lattice

parameter data on single crystals of silicon discussed

in the section on "Bond Symmetrical Diffractom-

eter Method."
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mental details and systematic error-correction

procedures used in attaining this precision and

accuracy will now be outlined. The details and

procedures are based both on published informa-

tion as noted and on unpublished descriptions

kindly furnished to the author by Dr. B. W. Delf

of Prof. Wilson's laboratory. It is assumed that

the diffractometer to be used has been aligned as

precisely and accurately as possible.

1. Measurement and Recording of a Diffraction

Profile. A Norelco diffractometer is used in con-

junction with an electromechanical system which

permits automatic recording of intensity vs. dif-

fraction angle for profiles in steps of 0.02° 20. ^^

After counting a predetermined number of counts

on a "monitor" scaler, the "sample" (Dekatron

decade) scaler count is recorded photographically

along with the angular position reading.* The

counters and camera are then reset automatically,

the diffractometer moves 0.02° 29, and the sequence

is repreated. The angular limits of the profile

(or profiles in the case of the Ka doublet) are

determined in a preliminary experiment and the

profile is then scanned automatically between

these limits.

2. Calculation of the Centroid-Position, 26

g

a. Nomenclature. After recording the intensity

vs. 26 data for a profile, 26g is determined using

the following equation:

26o = 26^

[¥-r^( T
+

{n + 2)a^

216
^2^

where

:

A20

26a

26^

n

= step width
= initial limit, step zero

= final limit, step n
= number of steps {26^ - 26a) /A26
= T = integrated total intensity be-

tween 26a and 26, ; i.e., T = Si +
>S2 + ^3 + • • • + >S(n+l)

= E aS = sum of partial sums of inten-

sity;, ie., E 'S = (.Si) + (Si + S2} +
(>Si 4- >So + S3) + • • + (Si + S2 +
S3 + ••• + Sn)

= intensity at 26a

= intensity at 26,

= (a -f z)/2 = average background
intensity

= z — a = increase in background in-

tensity
= (w + 1)6 integrated background in-

tensity

r = B/T = ratio of integrated back-

ground intensity to integrated total

intensity.

b. Truncation Procedure. Any method of deter-

mining the centroid of an X-ray diffraction line

involves some truncation procedure in order to

eliminate the diflficulties caused by the slow decay

of intensity in the tails of the line. In this method

* The instrument has been modified so that data

are now punched directly onto tape for greater con-

venience in the subsequent computations.

B

centroid positions are determined over a series

of angular ranges which are symmetrical about

the centroid position.

The intensity of the line profile at the extremes

of the greatest range used, 20a to 26, , is taken as

defining the background level. The values of a,

z, and d for any other range are calculated assum-

ing the background variation to be linear between

26a and 26, . The line profile is, therefore, trun-

cated as shown in Fig. 6.

In calculations using the maximum range, 26a

to 26, , the centroid of the line profile above the

line AZ is determined. In the case of calculations

over a shorter range, 2da' to 26,' for example, the

centroid of the shaded area is determined.

c. Calculation of Centroid:

26a' is chosen.

26,' is chosen. The initial choice is such that

XI S/T is approximately equal to n/2.

a, z, and d are determined as described above.

An approximate value of centroid position

26g' is calculated using the equation given above,

5. The asymmetry of the line, 20/ - (20a' + 20/)/

2 is calculated:

6. If the asymmetry of the line is greater than

0.005° 20, steps 2 to 5 are repeated.

7. The centroid position, 20^ , is the value of

26g' for which the asymmetry is less than 0,005°

20.

The variation with range of the centroid posi-

tion thus determined is shown in Fig. 7. The

centroid position associated with the plateau of

this curve is taken as defining the line position.

3. Zero Correction. The method used is essen-

•f==- g- \ \ \ \ \ \ c ^^ z

29

1

Fig. 6. Schematic of a diffraction profile showing
truncation procedure used in calculating centroid

Bragg angle, 20, . (Courtesy of B. W. Deff)

HNIMUM RANGE FOR
NEGLIGIBLE TRUNCATION
ERROR

RANGE (28^-26,)

Fig. 7. Determination of minimum range (20a —
29,) essentially free of truncation error. (Courtesy
of B. W. Delf)
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SECOND POSITION, ROTATED
ieO° FROM FIRST POSITION

DIFFRACTOMETER ANGLE (10

Fig. 8. Zero calibration data for diffractometer

using knife edge and pinhole. (Courtesy of B. W.
Delf)

tially a combination of the pinhole and knife-edge

techniques described previously. ^^^ A plate con-

taining a pinhole and a knife edge, aligned along

a diameter of the pinhole, is mounted on a shaft

which fits in the hole on the diffractometer nor-

mally used for the specimen post. The knife-edge-

diameter of the pinhole is aligned as closely as

possible with the axis of rotation of the diffrac-

tometer. A series of intensity vs. angle readings

on the diffractometer dial is made in the region

of zero degrees 2d, with the plane of the i)inhole

perpendicular to the primary beam. The shaft

(with pinhole and knife edge) is then turned 180°

and a second series of readings made. These data

are then plotted as shown in Fig. 8. The diffrac-

tometer dial reading corresponding to the inter-

section of the two curves represents the zero cor-

rection to be applied to all subsequent Bragg

angle measurements on that diffractometer.

The intensity data for the curves of Fig. 8 are

due primarily to the interaction of the primary

beam with the knife edge; however, a pinhole

(about 0.1-mm diameter) is used to reduce the

primary beam intensity to a useful level without

requiring filtering of the beam or reduction of

tube current or voltage from normal operating

conditions. It is important that normal operation

conditions be maintained during this procedure

to obtain the most accurate zero correction value.

The zero correction can be determined with a pre-

cision of about 0.0002° 26 and an accuracy of better

than 0.001° 2d using this method.

4. Specimen-Surface Displacement Correction.

A method for determining the displacement of the

specimen surface with respect to the rotation axis

of the diffractometer, designated S-S displace-

ment, has been described by Delf.^^ This method

can be used to correct for S-S displacement with

a precision and accuracy corresponding to 0.004°

26 or better. The method is described for a diffrac-

tometer having a horizontal axis of rotation. It

involves fastening a thin (0.01-mm diameter)

glass rod with "Plasticine" on the banking surface

of the diffractometer specimen post and adjusting

the rod until there is no movement of an easily

viewed and identified point on the rod when the

specimen post is rotated. The centered rod is then

viewed from above with a traveling microscope

which can be used for measuring distances along

its axis with a precision of about 0.001 mm. The
microscope is focused on the top edge of the rod,

the rod removed and replaced with a glass slide,

and the microscope refocused on the top surface

of the slide. The distance between the top edge

of the rod and the slide is the S-S displacement of

the slide.

The mean S-S displacement is determined by

making these measurements on the glass slide at

various distances from the front edge of the bank-

ing surface and the "average" position corre-

sponding to the mean displacement noted. The

average ^-*S displacement of the glass slide is then

used as a reference for determining average S-S

displacement of a sample surface when measured

in the "average" position. The specimen S-S dis-

])lacement is the algebraic sum of the rod-to-slide

and the slide-to-specimen S-S displacements.

The specimen S-S displacement in mm, desig-

nated s, is then related to the S-S correction in

radians* by the equation-^ A6 = - (s/R) cos 6

where

:

A6 (or A6,) := xp - 6 (or ^^ - 6g) where:

xP or 1//3 are based on the measured Bragg angle

6 or dg are based on the true Bragg angle

A' = radius of diffractometer in mm

The S-S displacement correction applies equally

to centroid, peak, or other measures of profile

position. Delf points out that great care is required

in locking the specimen holder in the diffractome-

ter so that the S-S displacement calibration will

remain constant. It is also very important that the

specimen surface be flat within 0.005 mm and that

the sample grains be no larger than 300 mesh

(0.004 mm) so that it may be possible to achieve

this degree of flatness.

5. Flat Specimen Correction. The flat specimen

surface usually used in diffractometry is an ap-

proximation to the curved surface defined by the

focusing circle geometry of the diffractometer and

this approximation requires a correction. 20 In the

usual arrangement where the angular divergence

of the primary beam is limited to 2a radians by

means of a slit so that only a portion of the speci-

men length is irradiated, the flat specimen correc-

tion to the centroid value, is: Ae*. = «2 cot 6/3

6. Transparency Correction. The primary X-ray

beam usually penetrates the sample surface and

diffracts from a volume rather than from a geo-

* Note that the corrections A^ or A^^, given here

and in subsequent correction procedures are m
terms of 6 in radians and not 26. A6 or A^^ correc-

tions converted from radians to degrees are required

for appHcation to the Bragg equation ; however, dif-

fraction angle measurements are made m degrees

26. Finally, 6 as used in all subsequent centroid cor-

rection equations, shall imply 6g .
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metric surface. Thus, the geometric sample surface

only approximates the sample volume actually

seen by the X-rays and this requires a correction

of the form2o

t cos
A0. =

sin 26

^ixR i^[exp {2^t CSC 6 - 1)]

where

:

IX is the effective linear absorption coefficient of

the sample*

t is the sample thickness

R is the diffractometer radius

If ixt cscd is large, this correction has the limiting

value of sin 29/4 fiR. If fxt esc 6 is small, the limit-

ing value is t cos d/2R.

7. Axial {Vertical) Divergence Correction. The

divergence of the X-ray beam out of the equatorial

plane and parallel to the diffractometer axis

of rotation is called axial or vertical divergence.

This divergence may be limited by the use of Soller

slits in the primary and/or diffracted beams ; how-

ever, it cannot be eliminated completely and a cor-

rection is required." This correction to dg is given

by A0, = (/iV6s2)[Qi(g) cot 26 + Q^iq) C8c26\

where

:

h = 2F ("height" of X-ray source)

= 2R ("height" of receiving slit)

= 2P ("height" of fiat specimen)

s = diffractometer radius

Qiiq) and Q2{q) are functions of the collimator

geometry, especially as it pertains to Soller slit

dimensions. Values for these functions based on

the Philips diffractometer geometry are given in

Fig. 9. In this figure, the function q = sA//i where:

A = spacing between adjacent foils in a Soller slit

unit divided by the length of a foil

8. Dispersion, Lorentz, Polarization, and Ab-

sorptioni Corrections. Corrections for these factors

are given by the following equation (Equation [4]

of Ref. 39(>,39

* Assuming the sample powder to be uniformly

packed in the sample holder, the effective coeffi-

cient may be calculated for that sample by measur-

ing the reduction in monochromatized intensity of

the characteristic X-rays used in the diffractometer

with a sample of thickness t in the beam. If the

sample is too opaque to be measured in this way,

the effective density of the sample powder packed
in the specimen holder may be determined by
weighing the powder, measuring the volume it oc-

cupies, and calculating the effective absorption co-

efficient from these data and a knowledge of the

mass absorption coefficient.

t Absorption here is the effect on the diffraction

profile due to differential absorption in the sample
over the range of wavelengths encountered in the

spectral profile used to calculate the centroid posi-

tion.

0, (e)

2.0

Q, <b)

0, (a)^

1.5 - y^ /^"^^

5 / /^
cf X /
§

y^ / Qz (c)

^ 1.0

/ Og (b)

0.5

^-^
^^-^"^^To;

C 1.0 z.o 30

Fig. 9. Values of QM) and Q^iq) for Phihps
diffractometer with (a) two sets of Soller slits, (b)

one set of Soller slits, (c) no Soller slits. [Courtesy

E. R. Pike, J. Sci. Inst., 34, 355 (1957)]

A6g = - z=r tan^ 6
2X"

4 cot2 6 -
16 cos 26

1 -f cos-

'cos^eX

8^-26 )

where:

V = variance of the spectral distribution of

the characteristic wave length used

X = centroid value of the wave length distribu-

tion

9. Angular Scale Correction. The lattice param-
eters of a number of standard substances have been

determined and the parameter values calculated

at various angles have shown sj^stematic varia-

tions from the mean values. If the corresponding

angular variations are plotted against angle, the

points for all the substances fall on a smooth curve

which has the form of a normal angular calibration

curve. The only corrections which are the same
for each specimen are axial divergence, Lorentz,

polarization, etc. and the curve bears no relation-

ship to these factors. Thus, it may be assumed that

the resultant curve is a measure of the variations

between the true angular scale and the diffractom-

eter dial readings.

The success of this method of angular calibra-

tion is attested to b}^ the fact that corrections

based on this calibration scale for tungsten were

necessar}^ and adequate to reduce the systematic

errors below the precision of measurement of the

Bragg angles (see section on the LRM in this chap-

ter). Another method ma}^ be used for calibrating

diffraction angles directh^ using optical tools such

as a precision polygon and an autocollimator.

10. Refraction Correction. The refraction correc-

tion for powder samples is normalh' due to the

change in wavelength within the crA'stallites*^ as

contrasted to the single-crystal case where true re-

fraction at the crystal-air interface is an important

additional factor. The powder refraction correc-

tion is therefore made after calculating the lattice

parameter from Bragg angle measurements cor-

rected for all other svstematic errors. The correc-
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tion is made by adding (1 — n)ao to the calculated

lattice parameter, Qo , n is the index of refraction

for the substance and the X-ray wavelength used
in obtaining the diffraction data.

3. Straumanis Film Method.^ ^^ The basic re-

quirements for obtaining precise and accurate
lattice parameter values of powders (or single

crystals) at the O.OO1°0 level using the Straumanis
method include the following:

1. A sample powder or crystal that gives sharp
diffraction lines (0.5 to 1.5°20 half-width in the
160-175°2^ range j which can be measured with a

precision of about 0.005 mm on the film.

2. A low absorbing, cylindrical sample of 0.2

mm diameter or less.

3. The sample centered to better than 0.01 mm
with respect to the film cylinder in a camera of

50-120 mm diameter and a means for rotating the

sample spindle with respect to the film cylinder.

4. Asymmetric film loading with uniform con-

tact between the film and film cylinder. Holes are

drilled, rather than punched, for the collimator

and beam stop tubes.

5. A collimator system which minimizes axial

divergence; i.e., double pinholes of 0.6 mm di-

ameter or less when using a spot focus X-ray
source.

6. Sample temperature control to ±0.1 X' or

better during the exposure.

7. The film measured in a linear measuring in-

strument accurate to about 0.001 mm over a length

of about 250 mm; the film to be contained in an
atmosphere having a constant humidity and tem-
perature during measurement.

8. Measurement of the diffraction lines at the

smallest available 4(/) angle (corresponding to the

largest 2d angle) in calculating the lattice param-
eter.

9. Application of a refraction correction to the

lattice parameter calculation.

These nine points constitute a recipe for ob-

taining precise and accurate lattice parameter
values at the 0.001°^ (or^) level. Using this recipe,

a majorit}' of the sj'stematic error sources listed in

Table I maj^be reduced experimentally to the meas-
urement precision level. The effects of the remain-
ing error sources will be discussed after a brief re-

view of each of these nine points.

Sharp Diffraction Lines. Unless a powder
sample has relatively strain-free crystallites of the

proper size to give very sharp, smooth diffraction

lines with sample rotation, it is impossible to meas-
ure the lines to a maximum precision of about
0.02°^. If it is impossible to have crystallites of

optimum size, it is better that they be slightly

larger rather than smaller. The spottiness of lines

due to slightly larger crystallites can be eliminated

by translation as well as rotation of the sample.

Translation-rotation mechanisms have been de-

scribed. "^ 4«

Low-Absorbingf Small Diameter Samples.
If a Lindemann (low-absorbing) glass fiber is

coated with a thin layer of the sample powder to a

total diameter no more than 0.2 mm, the absorp-

tion characteristics for such a sample can result in

a nearly symmetrical absorption profile, the peak

of which is not displaced by more than about
O.OOU0 from the true 2d position at angles of 16O°20

and larger. Such a sample would cause no measur-
able shift in the peak of the diffraction profile due
to absorption. Great care is required to achieve

this condition. For example, any or all of the fol-

lowing factors could cause a significant peak shift

due to absorption: a highly absorbing powder
sample, too thick a powder layer on the fiber, or

measurements made at angles much less than
160'2^. With single crystals 0.2 mm in diameter, the

shift due to absorption is usually appreciable.

Straumanis uses curved extrapolation lines which
level off at high diffraction angles to demonstrate
the absence of absorption effects in his samples ;^i

however, this approach is questionable on an ob-

jective, statistical basis. Generalh', it is advisable

to calculate an absorption profile using the modi-
fied Taylor-Sinclair line contour matrix
method^*' ^^ for each experimental condition used

to insure obtaining a sample which introduces no
error due to absorption or to determine the cor-

rection reciuired in case an error is introduced.

This latter situation would require the use of con-

volution calculations in addition to determining

the absorption profile. Finally,^ the use of a small

sample diameter (<0.2 mm) minimizes error due
to radial divergence. Generally, the effects due to

this source cannot l)e evaluated separately from
the absorption profile.

Sample Eccentricity. If the sample axis of

rotation deviates from the center of the film cylin-

der by more than about 0.01 mm in a camera 50-120

mm in diameter, it is necessary to adjust the sam-
ple spindle until the eccentricit}- is less than this

amount. (Sample wobble is eliminated (<0.002

mm) in a separate step by aligning the cylindrical

sample on its own axis of rotation under a micro-

scope at about 20 X magnification. This can be

done externally to the camera body if desired.) A
correction for residual eccentricity (below 0.01

mm) can be made by rotating the sample spindle-

cover plate assembly until the eccentricit}' vector

is parallel to the X-ray beam in the camera. This

orientation eliminates the need for assumptions

ordinarily used in eccentricity correction pro-

cedures.*- ^^ Correction for residual eccentricity is

then made by obtaining two exposures, one with

the eccentricity vector in the direction of the

X-ray beam, and the other with the vector in the

opposite direction. The average lattice parameter

value obtained from these two exposures is free of

eccentricity error. The Straumanis method does

not permit making eccentricity corrections to

individual line measurements as required when
using the LRINI; however, an exact eccentricity

correction procedure which permits doing this has

been developed. ^^ Cameras larger than about 120

mm in diameter make it easier to reduce the per-

centage eccentricity error mechanically; however,

such cameras usually require inordinately long

exposure times and are subject to greater film

measuring problems and temperature fluctuations

than smaller cameras. Straumanis has shown that

there is no real advantage to be gained in measure-

ment precision in terms of degrees d when using
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cameras larger than 50-75 mm diameter. This is

based on the premise that the angular width of a

given diffraction line is essentially constant, the

larger the camera, the greater the separation of

lines, but the wider a given line (in mm) on the

film. The lower limit on camera size for high pre-

cision and accuracy is dictated by the accuracy of

the film measuring instrument, the graininess of

the film, and the ability to minimize eccentricity

mechanically. Straumanis prefers a 64-mm-di-

ameter camera as a useful compromise.

Asymmetric Film Loading. This is, perhaps,

the most widely known and used feature of the

Straumanis method. The film is placed asym-

metrically in the camera so that forward- and

back-reflection lines are registered symmetrically

about zero and 18O°20 respectively. The lines

about O°20 are registered at one end of the film;

the lines about 18O°20, at the other end. By meas-

uring lines about these two points, the zero and

180°2(9 positions can be accurately determined

within the precision of measurement even though

these positions are physically unavailable because

they are located in the holes drilled in the film to

admit the collimator and beam stop tubes. Having

determined these two positions, the effective

camera radius and corrections for uniform film

shrinkage may be calculated. It has been found

that the zero degree position can be determined

even more accurately by using a beam stop internal

to the camera and by registering a shadow of the

sample capillary on the film. The center of the

shadow is the zero degree 2d position. ^^

Collimator Dimensions. A double pinhole

collimator system is recommended by Straumanis,

with the pinhole diameter no larger than one mm.
A one-mm-diameter pinhole system is useful in

order to minimize exposure time; however, the

shift in diffraction peak position due to axial di-

vergence for a collimator of this size is significant

at large diffraction angles. In fact, the peak shift

at 87.5°^ due to axial divergence for a 0.6-mm-

diameter double pinhole collimator in a 64-mm-

diameter camera is O.OO4°0.29 While this is a signifi-

cant shift in terms of d, it has a relatively small

effect on the lattice parameter (about 1 part in

300,000) in this particular case because of the very

large diffraction angle used. Neverthelses, this

illustrates that the collimator pinhole dimensions

should be about 0.6 mm or less to prevent signifi-

cant errors occurring due to axial divergence.

Sample Temperature. Lattice parameters

vary with temperature such that a change of 0.1°C

affects the lattice parameter value in Angstroms in

the fifth or sixth decimal place, depending on the

thermal expansion coefficient of the material. The
fifth decimal place corresponds approximately to

the 0.001 °0 level of precision and accuracy. Thus,

sample temperatures need to be measured and con-

trolled to about ±0.1°C, so that the lattice pa-

rameter will not fluctuate significantly during an

exposure and so that the lattice parameter deter-

mination can be related to an absolute tempera-

ture value. This latter is required (1) when inter-

laboratory comparisons are made and the lattice

parameters are determined at different tempera-

tures or (2) when thermal expansion coefficients

are to be determined from lattice parameter meas-

urements.
Straumanis has developed several thermostatic

devices^' ^^ for controlling camera temperature,

including air and water media for control to

±0.02°C. A thermometer is used to measure the

air or water temperature adjacent, but exterior,

to the camera body. Some improvements have been

made recently .-^^ They involve locating a ther-

mistor (mounted in a hypodermic needle) in the

camera about one mm from the sample and just

outside the primary X-ray beam. The shadow of

the hypodermic needle falls on the ends of the

asymmetrically placed film and does not affect the

significant portions of the diffraction pattern. A
chart record reading to 0.05°C is then obtained of

the sample temperature during the course of an

exposure. Temperature fluctuations during the

exposure can then be examined at leisure rather

than depending entirely on the thermostat-ther-

mometer combination.

Film Measurements. In order to measure line

positions to a precision of about 0.002> it is neces-

sary to measure them to about 0.005 mm on films

from a 57.3 mm diameter camera (one mm on

film = 2°2^ = 2°4(/>; hence, 0.005 mm = 0.010/4>
= 0.0025°(^). Measurements to a precision of

about 0.005 mm at 95 per cent confidence limits are

about the best that can be attained with film tech-

nique and this precision can best be achieved using

a measuring instrument that is somewhat more

accurate than 0.005 mm over the measuring range

of about 250 mm. While measuring the film it is

important to protect it from changes in tempera-

ture and humidity. A simple way to accomplish

this is to place it between two pieces of plate glass

and to seal the edges with a waterproof tape. The

film in its glass envelope is then placed on the

measuring instrument table and allowed to come

to thermal equilibrium. It is important that the

light source for the measuring instrument be

sufficiently far away from the film so that thermal

equilibrium can be established. Measuring instru-

ments in which the light source is close to the film

are particularly difficult to use because thermal

(and hence, humidity) equilibrium is nearly im-

possible to establish at the 0.005 mm measuring

level.

It is also important to align the equator of the

film exactly (within 0.05 mm) along the line of

measurement and parallel to the direction of mo-

tion of the instrument table. Measurement errors

here are due, not so much to lack of parallelism, as

to the rapidly increasing effect of axial divergence

as the position of measurement moves away from

the equatorial position of a line on the film.^^

Alignment along the equator can easily be at-

tained within 0.03 mm by registering sample

shadow marks (see "Asymmetric Film Loading")

at two positions on the film prior to processing.

Measurements at the Smallest Usable 4(f>

Angle. Nearly all systematic errors except axial

divergence tend to become smaller, the smaller

the 4(^ angle. This and the increased precision in

lattice parameter obtainable with decreasing 4<^
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angle are the primary reasons for Straumanis rec-

commending the calculation of a lattice parameter
from the "last line" at the smallest 4(?!) angle. There
are two reasons for measuring the 4^ angle rather

than the 26 angle. These are: (a) The precision in

measuring and calculating 4> is two times better

than that of measuring and calculating d if the 2d

angle is measured, since the precision in mm is

about the same regardless of the (sharp) line being

measured in the range of 120 to 175° 26. Thus, the

precision in 4> is equivalent to mm/4 while the

precision in 6 is equivalent to mm/2, (b) The effect

of a nonuniform X-ray source in shifting the peak
of a profile is eliminated when measuring 40 in-

stead of 20.41

Refraction Correction. After the "d" value

or lattice parameter is calculated from measure-
ments of the smallest 40 angle, a correction has to

be made for refraction of X-rays in the crystal

using the appropriate formulas.^' ^^' ^^

Systematic Errors Not Discussed Explicitly

by Straumanis. There are six sources of error

which Straumanis does not discuss explicitly.

These are: axial divergence, dispersion, Lorentz
and polarization factors, nonuniform film shrink-

age, and observer bias in measuring line positions.

Axial divergence has been handled implicitly

(comparison of slit and pinhole collimator data)^^

and may be minimized to the point of insignifi-

cance by suitable choice of collimator dimensions.

This has been already discussed. Dispersion,

Lorentz and polarization factors cause no shift in

the peak position^' 45 and, hence, may be ignored.

Nonuniform film shrinkage on the order of 0.01

mm per mm has been observed occasionally^- and
can be corrected on individual films as indicated in

the section on the Film-Convolution ]\Iethod. It is

also possible to consider nonuniform shrinkage as

a random error and to average out its effect bj''

making several exposures on the same sample.
This procedure tends to be somewhat subjective

and should not be used when the highest precision

and accuracy are desired.

Observer bias in measuring line positions visu-

ally on a film is a rather complex problem. It is

tacitly assumed by Straumanis and others that the

line position actually measured is the position of

maximum line blackening (peak position). This
has been demonstrated to be true for some X-ray
wavelength measurements ;23 however, there is

evidence from diffraction pattern measurements
that this is not universall}^ true.^^ Some of the

factors affecting line position measurements are:

(a) the inherent asymmetry of the line, (b) the

proximity to other lines, and (c) the graininess of

the film. Any or all of these factors can conspire to

cause a bias in measurement with respect to the

experimental peak position. That characteristic

of the diffraction profile actually measured visu-

ally on any one film can be determined from dif-

ference measurements on microphotometer rec-

ords of diffraction plus calibration lines as pointed
out in the section on the Film-Convolution
Method. In summary, it is felt that the systematic
errors neglected by Straumanis can be maintained
at or below the 0.002°^ level if the above factors

are properly evaluated and handled before cal-

culating lattice parameter values.

References

1. Parrish, W., Acta Cryst. 13, 838 (1960)

2. Beu, K. E., Musil, F. J., and Whitney, D. R.,

Acta Cryst. 15, 1292 (1962)

3. Bond, W. L., Acta Cryst. 13, 814 (1960)

4. Straumanis, M. E., and levins. A., "The Pre-

cision Determination of Lattice Constants

by the Asymmetric Method," Julius Springer,

Berlin, 1940. Reprmted bv Edwards Bros.,

Inc., Ann Arbor, Mich (1948)

5. Pike, E. R., and Wilson. A. J. C, Brit. J. Appl.

Phys. 10,57 (1959)

6. Beu, K. E., et al, "The Precise and Accurate
Determination of Lattice Parameters Using
Film Powder Diffraction Methods," USAEC
Report GAT-392, Goodyear Atomic Corp.

(In preparation.)

7. Kettmann, G., Z. Phy.sik. 53, 198 (1929)

8. Bradlev, A. J., and Jav, A. H., Proc. Phys. Soc.

(London) 44,563 (1932)

9. levins, A., and Straumanis, M. E., Z. physik.

Chem. (Leipzig) B33, 256 (1936)

10. Beu, K. E., "An Evaluation of Sj^stematic

Errors of the Straumanis Method by Means
of Error Profiles" (In preparation.)

11. Straumanis, M. E., and levins. A., "The Preci-

sion Determination of Lattice Constants by
the Asymmetric Method" Julius Springer,

Berlin, 1940. (Translated bv K. E. Beu,

USAEC Report GAT-T-643, 1959, Goodyear
Atomic Corp.)

12. Cohen, M. U., Rev. Sci. Instr. 6, 68 (1935)

13. Hess, J. B., Acta Cryst. 4, 209 (1951)

14. Klug. H. P., and Alexander, L. E., "X-Ray
Diffraction Procedures," Chap. 8, New York,
John Wiley & Sons, Inc., 1954

15. Parrish, W., and Wilson, A. J. C, "Interna-

tional Tables for X-ray Cr3'stallography,"

Vol. 2, p. 216, Birmingham, Eng., Kj-noch
Press, 1959.

16. Tavlor, A., and Sinclair, H., Proc. Phys. Soc.

(London) 57, 126 (1915)

17. Nelson. J. B., and Rilev, D. P., Proc. Phys. Soc.

(London) 57,160 (1945)

18. Weverer, H., Z. Krist. 109, 338 (1957)

19. Mueller, M. H., Heaton. L., and Miller, K. T.,

Acta Cryst. 13,828 (1960)

20. Wilson, A. J. C, J. Sci. Instr., 27, 321 (1950).

21. Parrish, W., and Wilson, A. J. C, "Systematic
Errors in Lattice Constant Measurements
with the Diffractometer," Paper No. 59, Am.
Crvst. Assoc. Meeting, Harvard University,

April 5-9, 1954
22. Ladell, J., Parrish, W., and Tavlor, J., Acta

Cryst. 12, 561 (1959)

23. Porteus, J. O., and Parratt, L. G., "Precise

Wavelength of a Wide Spectral Line and
Precise Lattice Parameter of a Crystal,"

Cornell Universitv, Ithaca, N. Y., Technical
Report No. 3, AFOSR-TN-59-305, ASTIA-
AD-213-089, Mav 1, 1959.

24. Wilson, A. J. C, Z\ Krist. Ill, 6 (1959)

25. Delf, B. W., Brit. J. Appl. Phys. 12, 421 (1961)

26. Otte, H. M., J. Appl. Phys. 32, 1536 (1961)

27. King, H. W., and Vassamillet, L. F., "Precision

Lattice Parameter Determination by Double
Scanning Diffractometry," Advances in X-
Ray Analysis 5, 78 (Proc. 10th Denver Con-
ference on applications of X-Ray Analysis)

(1961) presented at 10th Annual Conference



727
PARTICLE SIZE STATISTICS

on Applications of X-ray Analysis, Denver,

Colorado, August 7-9, 1961.

28 Taylor, A., and Sinclan% H., Proc. Phys. boc.

(London) 57,108(1945)
29 Beu, K. E, Landstrom, D. K., and Whitney,

D. R., ''Axial (Vertical) Divergence Profiles

for Cylindrical Powder Diffraction Cameras,"

USAEC Report GAT-T-965, 1962, Goodyear

Atomic Corp. (To be published m Acta

CrySt., 1963)

30. Klug, H. P., op. cit. p. 246-60, Ref .
14

31 Beu, K. E., and Scott, D. L., Acta Cryst. 15,

1301 (1962)

32. Beu, K. E., and Scott, D. L., 'The Precise and
Accurate Determination of Lattice Param-
eters Using Film Powder Methods: Film

Measuring Technique," USAEC Report

GAT-392/Part IB, Goodyear Atomic Corp.

(In preparation.)

33. Mood, A. M., "Introduction to the Theory of

statistics," p. 259, New York, McGraw-Hill
Book Co., Inc., 1950.

34 A. J. C. Wilson, Proc. Cambridge Phil. Soc. 36,

485 (1940)

35. E. R. Pike and J. W. Hughes, J. Sci. Inst. 36,

212 (1959)
36. W. Parrish and K. Lowitsch, Am. Mineralogist

44, 765 (1959)

37. E. R. Pike, J. Sci. Inst. 34, 355 (1957)

38. J. Ladell, Acta Cryst. 14, 47 (1961)

39. E. R. Pike and J. Ladell, Acta Cryst. 14, 53

(1961)
40. Garlit, R. R., and Bolt, C. C, Norelco Re-

porter 8, 37 (1961)

41. Straumanis, M. E., Acta Cryst. 13, 818 (1960)

42. Beu, K. E., "The Precise and Accurate Deter-

mination of Lattice Parameters Using Film
Powder Diffraction Methods: Radial Diver-

gence and Absorption Corrections," USAEC
Report GAT-392/Part IIC, Goodyear Atomic
Corp., (In preparation.)

43. Beu, K. E., "The Precise and Accurate Deter-

mination of Lattice Parameters Using Film
Powder Diffraction Methods: Other Correc-

tions and Convolution Calculations," USAEC
Report GAT-392/Part IID, Goodyear Atomic
Corp. (In preparation.)

44. Beu, K. E., and Scott, D. L., "Modifications

of a Commercial Powder Diffraction Camera
for Precise and Accurate Lattice Parameter
Measurements," USAEC Report GAT-T-973.
Goodyear Atomic Corp. (To be published.)

45. Pike, E. R., and Wilson, A. J. C, Proc. Phys.

46. Ekstein, H., and Siegel, S., Acta Cryst. 2, 99
Karl E. Beu

PARTICLE SIZE ANALYSIS* BY GAMMA-RAY ABSORP-

TIOMETRY

An interesting apphcation of gamma-ray or X-
ray absorptiometry is the rapid size analysis of

subsieve particles. In sedimentation methods of

size analysis, the laborious procedure of sampling

the suspension at various times can be replaced

by a continuous measurement based on the at-

* The information contained in this article was
developed during the course of work under con-

tract AT(07-2)-l with the U. S. Atomic Energy
Commission.

tenuation of gamma rays or X-rays from a mono-

energetic source. As particles settle from a uni-

form suspension, their concentration at a fixed

depth is determined by measuring the transmit-

tance of the suspension. A scintillation crystal,

connected through a photomultipher circuit to a

count rate meter and recorder, can be used to

measure the intensity of the emerging beam. For

particles of a given composition, the absorption

depends only on the mass of the particles in the

beam. Hence the settling rate curve can be con-

verted directly to a standard curve of fraction

undersize versus Stoke's law diameter.

A source of americium-241 provides a gamma
beam that is especially suitable for analyzing par-

ticles of heavy metals or heavy metal compounds.

Uranium oxide particles 5 to 50 microns in diam-

eter at initial concentrations of 8 to 20 grams per

liter of water were analyzed with this source.^

Lighter particles (fly ash, iron oxide, bismuth

oxide) from 7 to 76 microns in diameter and in

concentrations of 2 to 3 grams per liter have been

analyzed by means of X-ray absorption.^
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PARTICLE SIZE BY X-RAYS—STATISTICS

Crystals larger than, say, 0.5 micron, usually

give sharp spots on a diffraction photograph. If

they occur in a polycrystalline aggregate, the

number of such spots (if it is small enough for the

spots to be resolved) clearly depends on the num-
ber of irradiated crystals. So if the irradiated vol-

ume and other conditions are known, the size, D,

of crystallites can be inferred from the number of

spots, n. The relation between D and n can be

found by analysis of the geometry,^ or it can be

established by a series of calibration photographs

of specimens with known crystallite size; in the

latter case D can be found merely by inspection.

It should be noted that the multiplicity m on the

reflection has to be taken into account anyhow
because n is proportional to m/D^.

If a diffractometer record is made, individual

ciystal reflections are not visible and the only

observable effect is a statistical deviation of the

intensity of a diffraction peak from its expected

value. As a rule, the problem here is, not to find D,

but to estimate the magnitude of that deviation—

the "particle statistics error"—for a given value

of D. In practice, the resulting formula will be

useful to determine the maximum particle size

allowable if the intensity of a given diffraction

peak has to be measured with a specified accuracy

—either for the purpose of structure investigation,

or for technological applications (texture, quanti-

tative analysis of mixtures).

The first step in the calculation is the evalua-
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tion of the number of irradiated crystals. Now the
actual value of this number is often useless, be-

cause crystals situated at different levels in the
specimen may give widely different scattering

contributions due to absorption in the specimen.
Moreover, the value of this contribution will de-

pend on the volume of the crystal.

Therefore, an effective number A^eff is intro-

duced, indicating the number of fictitious crystals

of equal size in a "equivalent specimen" without
absorption, which would give the same statistical

spread of the total scattering as the actual sample.
For a diffractometer specimen of quasi-infinite

thickness.

iVeff = (v/v')(cA/fx)

where v is the average, and v^ is the mean square
volume of a crystal, c the volume concentration of

the reflecting component (if the specimen is

heterogeneous) ju the average linear absorption
coefficient of the specimen and A the cross sec-

tion of the primary beam. Alternatively, iVeff can
be described as an effective specimen volume,
cA/iJL, divided by an effective crystal volume
v^/v.

Of course, only a fraction of the A'eff crystals in

our equivalent specimen will actually contribute
to the measured intensity. Whether a given crys-

tal does contribute, depends (a) on the geometry
of the diffractometer, which determines whether
the reflection, if any, from this crystal will reach
the detector, (b) on the "rocking angle;" that is,

the range of angle of incidence (with respect to

the lattice plane [hkl] under consideration) for

which reflection occurs.

The rocking angle e is important only for sta-

tionary samples. The following formula- ^ is

found for the relative rms error a :

o-st = 4i?(sin d/mwhh\iiYl^

where R is the diffractometer radius, d the Bragg
angle, and h the length of the slit and the focal

spot (or their average, if unequal). Further
w = eR -\- w\ where w' depends in a complicated
manner on the receiving slit width and on the focal

spot width. If cTst refers to integrated intensities,

w' is equal to the average of these two widths ; for

peak intensities w' is smaller.

The intensity fluctuations resulting from parti-

cle statistics can be greatly reduced by rapidly
rotating the specimen in its own plane. For this

case the following formula has been established^

o-rot = 6.5 R sin e/himNeiiY'^

Both rotating and stationary specimens have been
studied by specially designed experiments.^ Ob-
viously the value of w cannot be predicted. This
makes it impossible to check the first formula in an
objective manner. Apart from that, however, ex-

perimental values of a were in fair agreement with
the formulas. For a well-crystallized powder such
as silicon, the improvement in a, obtained by
specimen rotation, is approximately a factor of 7

or 8 for peak intensities and 4 or 5 for integrated
intensities.

Finally, it should be noted that an}^ statistical

diffraction effect depends on crystallite size, so

the term "particle statistics" is incorrect and
may be misleading if the particles consist each of

2 or more cr3'stals.
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PARTICLE SIZE EFFECT IN FLUORESCENCE SPECTROMETRY.
See Film Depth and Particle Size Effects.

PARTICLES, SMALL: DIFFRACTION EFFECTS

Sharp interference effects can take place only

with a minimum number of parallel diffracting

planes in each particle. As this number falls below

the minimum, in other words, as the particle size

decreases below 10"^ cm, interference is less perfect

and the diffraction lines become broader. Only the

most important examples of diffraction effects

of small particles are included in Figs. 1 to 7. In

order to emphasize the principal features some of

the models and schematic drawings are oversimpli-

fied. Each figure contains (a) a schematic drawing

of model substances, (b) the X-ray intensity dis-

tribution in dependence of the diffraction angle,

e, as determined by a densitometer, (c) a sche-

matic drawing of the blackening effects on photo-

graphic film (background scattering is noted by

black dots over the area), and (d) one or more
examples of solid substances showing the effect.

Figure 1 shows the two principal X-ray effects

produced by small particles. Close packing of small

particles to larger secondarj^ grains produces line

broadening where b, the line width, is proportional

to 1/cos 9 and 9 is the reflection angle. Loose ag-

gregates of small particles produce line broadening

plus small-angle scattering of the gas-type material

because of the difference in electron densities be-

tween empty or gas-filled spaces and solid matter.

Figure 2 shows two frequently observed mixtures

of crj^stalline and amorphous material: amorphous
coatings on crj^stals and amorphous inclusions in

crystals. Both diagrams show an increase of back-

ground scattering caused by the amorphous ma-
terial and some low-angle scattering caused by dif-

ferences in the electron densities between the

phases (crystalline, amorphous and empty parts).

Particles of this nature form mosaic-like conglom-

erations of lattice blocks at whose surfaces the

cr^^stal lattice is disturbed.

There are microdefects that exercise perturba-

tions in the order of the unit cells. The defects

include atomic holes, omission defects, and im-
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I_

br: I/cos 9

I
a-

LINE BROADENING, LARGE, SECONDARY
PARTICLES. SIZE OF PRIMARY PARTICLES
20-1500 A. PRODUCTS OF INCOMPLETE
TOPOCHEMICAL REACTIONS, SURFACE
FILMS CAUSED BY REACTION WITH
ATMOSPHERE.

i
LINE BROADENING AND SMALL ANGLE
SCATTERING. h>RIMARY PARTICLES
SEPARATED BY FREE SPACES. THERMAL
DECOMPOSITION OF SOLIDS CONTAINING
VOLATILE MATERIALS, VAPOR

-

DEPOSITED SUBSTANCES.

Fig. 1. X-Ray diffraction effects of small particles.

i\^A. ^»

i
LINE BROADENING, SMALL ANGLE
SCATTERING, DISORDER IN FIRST SURFACE
LAYER. AMORPHOUS OXIDE FILMS,
POLISHED SURFACES. ELECTRON
DIFFRACTION DIAGRAM NECESSARY TO
REVEAL AMORPHOUS NATURE OF
SURFACE.

SHARP LINES BUT UNIFORM DECREASE
OF INTENSITIES AT ALL DIFFRACTION
ANGLES. GAS-TYPE SMALL ANGLE
SCATTERING. AMORPHOUS INCLUSIONS
IN CRYSTALLINE MATERIALS. GRAIN
SIZE OF CRYSTALS >0.2 fi

.

Fig. 2. X-Ray diffraction effects of mixtures of amorphous and crystalline material.
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purity ions with unusual charges in substitutional

or interstitial positions. These microdefects can

react, attract, or repel each other, depending on

the charges involved. It is with properties of such

surfaces and regions that catalytic activity, reac-

tivity, semiconductivity and photochemical be-

havior are associated. The outer and inner corners

and the edges of such crystallites are the points

where vapor pressure, solubility, heat content,

adsorption, and reactivity are the highest.

The origin of imperfect lattice structure on the

surface of small-particle material can be explained

as follows. Since three-dimensional crystals are

held together by symmetrical lattice forces

throughout the bulk of the material, these forces

necessarily become unsymmetrical on surfaces.

When the particle size is decreased further, not

only the surface area but also the number of de-

fects and dislocated atoms increase until almost all

symmetrical bonds collapse and amorphous molec-

ular aggregates are formed. The lattice disorder on

the surface of crystals, insignificant at first, be-

comes the predominant property of small particles.

Pure amorphous solids and small particles are,

of course, unstable. Chemicalh^ pure solids with

strong directional bonding as a rule do not trans-

form to the amorphous state, and it is difficult to

obtain line broadening in the X-ray diagram (par-

ticle size below 0.15 X 10"^ mm). Accidental in-

clusion of impurities (water or mother liquor in

oxides) or intentional doping with specific im-

purities during preparation tend to produce and
stabilize the disordered state or the reactive cr3'stal

modification. These observations explain why ac-

tivity, electrical conductivity, and other char-

acteristics vary greatly according to the material

and its preparation and cannot be predicted from
the chemical formula.

However, certain general principles do exist,

particularly those relating to crystal growth.

Special methods of preparation make it possible to

create crystal defects and to produce active small

particles. Some of these methods are shown in

Table 1. The common principle is that growth

of the nucleus is stopped during preparation be-

fore crj'stalline order can be developed. The
methods generallj^ require a high rate of nuclea-

tion, a relativeh" low temperature and rapid pre-

cipitation.

If the crystal size is further increased, as in Fig.

3, sharp, smooth lines and finally spotty lines are

produced in X-ray powder diagrams. From the ap-

Table 1. Preparation of Active
]Materials.

Method Material

Condensation from gas Carbon black

phase Photoelectric selenium
plates

Active zinc oxide

Silica (from silicon tet-

rafluoride)

Thermal decomposition Charcoal

of solids containing Magnesium oxide (from

volatile constituents magnesium carbonate)

Rapid precipitation at Alumina gels

low temperatures from
solutions of slightly

soluble compounds
Leaching with liquids Raney nickel

Fuller's earth

Rapid reduction at low PA'rophoric metals

temperatures

>AOfi

ZOO fi

I
SMOOTH LINES. GRAIN 0.2-20/1,
INORGANIC PIGMENTS, GROUND
SUBSTANCES.

WI I mm

SPOTTY LINES, ASTERISM. GRAIN SIZE I40fi.
QUARTZ SAND, METALS AFTER
RECRYSTALLIZATION.

Fig. 3. X-Ray diffraction effects of large crystallites.
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HETEROGENEITIES

b .; I /COS 9

%

SMALL ANGLE SCATTERING, LINE
BROADENING, SHARP LINES.
HETEROGENEOUS ZONES OR CLUSTERS
WITH DIFFERENT ELECTRON DENSITIES.
SOLID SOLUTIONS.

CHANGES IN

LATTICE CONSTANT

*'jLi_A
b::tan dn "Twr

LINE BROADENING AT HIGHER DIFFRACTION
ANGLES, NO CHANGE IN ELECTRON
DENSITY. DISORDERS CAUSED BY
STRESSES OR FOREIGN ATOMS.

Fig. 4. Line broadening in large crystals.

pearance of the lines and the number of spots,

crystal sizes from 100 X 10"^ cm to 0.1 cm can be

estimated.

Figures 4 and 5 show heterogeneities in com-

position and regular and irregular variations of

interplanar distances caused by segregations or

stresses. Cluster formation in a matrix can cause

both low-angle scattering and particle-size broad-

ening. The broadening, which is caused by vari-

ation of the lattice parameter, is proportional to

tan d and is therefore different from particle-size

broadening.

A difficulty arises when line broadening is caused

by cold working. Cold working of ductile metals

and other deformable materials results in a broad-

ening of the diffraction lines, which sometimes can

be separated by plotting 6/tan and b cos 9

against the diffraction angle, 6, as shown in Fig. 6.

Small-particle broadening is indicated by h cos

e = constant, and line broadening by stresses is in-

dicated by 6/tan 6 — constant. Recently several

precise experimental investigations showed that

random local lattice distortions constitute the

major cause of such broadening (micro-stress the-

ory). Vacancies generated by cold working act sim-

ilarly to clusters of foreign material. They produce

low-angle scattering as shown in the X-ra}^ dia-

gram in Fig. 6.

The X-ray effects caused by different crystal

habits are pictured in Fig. 7. Distinction between

random layer lattices, needles, and platelike crys-

tals is possible because of the selective broadening

of the lines when random orientation occurs in one

direction or when the small dimensions are in the

range of Scherrer broadening (20 to 1500A).

IRREGULAR VARIATIONS OF
INTERPLANAR DISTANCES

a, -02

Oi-ae BROADENING, LINE BROADENING sTAN 9
MICRO STRESSES. PLASTIC DEFORMATION.
SUBSTANCES BEFORE ANNEALING, GROUND
CADMIUM SULFIDE COMBINED WITH LOSS
OF INTENSITY OF LUMINESCENCE.

Fig. 5. Irregular variations of interplanar dis-

tances.
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LINE BROADENING BY
STRESS

COS 9 = constant

LINE BROADENING BY
SMALL PARTICLES.
CARBONYL IRON
ANNEALED.

LINE BROADENING 3Y STRESS
AND SMALL PARTICLES.
CARBONYL IRON NOT ANNEALED.

1 I

/
1

1

SMALL ANGLE SCATTERING IN COLD WORKED
NICKEL, COPPER, ALUMINUM AND ZINC CAUSED
BY COALESCENCE OF ATOMIC VACANCIES.

Fig. 6. Cold working of materials.

2 Ti

\ ///////

\ /////// -

1

hkl BROAD hkl SHARP
001 SHARP 001 BROAD

>
SAW-TOOTHED LINE SHAPE. TWO
DIMENSIONAL CRYSTALS. RANDOM LAYER
LATTICES, REGULAR INTERPOSITION OF
AMORPHOUS MATERIAL, DISPLACEMENT
OF WHOLE LATTICE LAYERS. CLAY,
CARBON, PRECIPITATED MAGNESIUM
SILICATE (TALC)

Fig. 7. X-ray diffraction effects

SELECTIVE LINE BROADENING.
NEEDLELIKE OR PLATELIKE CRYSTALS
HAVING LARGE DIMENSIONS IN ONE
DIRECTION AND SMALL IN THE OTHER.
NICKLE HYDROXIDE, PRECIPITATED
WOLLASTONITE (CALCIUM SILICATE).

of different crystal habits.
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PATTERSON FUNCTION (PROJECTIONS, RADIAL DIS-

TRIBUTION, SPACE, ETC.). See Computers, Optical

Analog; Fibers: Diffraction Analysis; Fold Integrals; In-

formation Theory IV; Phase Problem.

PENETRAMETERS. See Fluoroscopy: Nondestructive Applica-

tions.

PERFECTION OF CRYSTALLINE STRUCTURES FROM

LATTICE CONSTANT AND DENSITY MEASUREMENTS*

Perfection of a Crystalline Structure. A
structure is perfect or sound, if all the positions in

the respective lattice, provided for certain kinds

of atoms or ions, are occupied. For instance, if all

the positions of a face-centered lattice are oc-

cupied, e.g., by Cu atoms, the structure of the

respective Cu crystal (in absence of distortions)

is perfect, ideal, or sound. However, in reality,

there probably are no such crystals at all. Real

crystals, even the purest, always contain admix-

tures, the atoms of which may be not dissolved

(in clusters), or they may be dissolved or be in

equilibrium with the atoms of the parent crystal.

^

In case of nonequilibrium there may be vacant

sites, even voids within the crystal, which decrease

the space filling. On the other hand, solute atoms,

smaller in size when compared with the solvent

atoms, may be in interstitial positions, thus in-

creasing the space filling and the density of the

substance. Many metals and alloys can easily be

plastically deformed and as a consequence dis-

locations^ are introduced. ^ Upon quenching of

metals and compounds from elevated tempera-

tures, point defects, such as vacancies in equi-

librium with the crystal structure at that tem-

perature, may be retained by the structure.''- ^

Furthermore, there are the "nonstoichiometric

compounds" which are very stable but exhibit

some fluctuation in their chemical composition.

For instance, there is Ti20x , where x varies from

2.84 to 3.15 thus representing the extent of the

Ti203 phase. There are compounds like TiOi.ggs

or FeSi.96 . It is clear that in such compounds there

should be vacancies or interstitials or both of them

present, the concentration of which is invariably

interlinked with the composition of the crystalline

substance and cannot be changed without chang-

ing the composition. Annealing does not help

either, as contrasted to dislocations and quenched-

in-point-defects which can be removed more or less

completely by thorough heat treatment.

^

Imperfections (point defects), the concentration

of which is closely related to the composition of

the crystalline compound or phase, are ''constitu-

tional imperfections" or defects. Their concentra-

tion can be determined by the lattice constant and

density method. Solid solutions, even dilute ones,

such as more or less pure metals, may also contain

constitutional imperfections. The space filling,

* See also by the same author "Parameters of

Crystal Lattices: II. High-Precision Measurements

by the Asymmetric Diffraction Method."

which is the quotient of the volume of the atoms

present in the unit cell and the volume of the unit

cell,*^' ^ varies with the composition of the phase.

It may be suggested that the concentration of

constitutional imperfections can be simply calcu-

lated from the chemical composition of the phase.

However, this is not necessarily true; for instance,

TiO of stoichiometric composition has a defect

structure which can be elucidated only by the lat-

tice parameter and density method.^' ^

The Equation. It is best to determine the ac-

tual number n' of atoms or molecules per unit cell

from the equation:

n' = vdNo/M (1)

where v is the volume of the unit cell, d, the experi-

mental density of the crystalline substance, M
the atomic or molecular weight of it, and No ,

Avogadro's number. As n' must be determined

with an accuracy and precision as high as possible,

the measurement of v and d must occur at a con-

stant and known temperature of the samples. If

their expansion coefficients are not known, the de-

terminations of V and d must be made at exactly

the same temperature.

In calculating n', the results may be as follows:

(1) n' is larger than n (the number of molecules in

a perfect cell) with the difference exceeding the

limits of error. Interstitials are then present in

the compound, or more correctly, the number of

interstitials exceeds that of vacant sites. If the

calculation shows the presence of interestitials

they surely are present in the crystalline sub-

stance. (2) n' is smaller than n. Vacant sites are

then present in excess, but they may be simulated

by larger vacancies or air spaces, bubbles, or mi-

crocracks within the alloy, inside the crystals, or

between the crystallites. Special precautions must,

therefore, be observed in density determinations

in order to avoid these error sources. (3) Finally it

may be found that n' = n, meaning that the actual

number of atoms per unit cell approaches that of

an ideal cell. The structure of the crystalline sub-

stance then appears to be perfect or sound, al-

though there might be interstitials and vacant sites

in equal amounts as this cannot be disclosed by

the method.
Of course, for the determination of perfection

of a crystal the X-ray molecular weight can be

usedio equally well as the X-ray density, both cal-

culated from Eq. (1) under the assumption that

n is an integer. It is also clear that the calculated

Mx and dx will agree with the experimental values

only if the structures of the substances investi-

gated are perfect. The calculation of n' does not

involve any assumption and, therefore, only n'

from Eq. (f) should be used for soundness calcula-

tions. For this purpose the values of r, d, and -V,

including their probable deviations s' , have to be

experimentally determined.

The Vohime. The volume of the unit cell v

is calculated from the lattice parameters and is

a3 for cubic, a^c for tetragonal, a^cV374 for hexag-

onal substances, etc^^ The lattice parameters

are determined at a certain constant temperature

of the sample and v is expressed in A^ (lA =

10-8 cm).
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The Density. The experimental density de-

terminations as well as those of M are afflicted

with larger errors, both random and systematic.

As already mentioned, there is always the danger
of obtaining lower densities because of the pres-

ence of microcracks, holes, etc., in the crystalline

material, into which the liquid used for density

determinations cannot penetrate. Careful work
with pulverized material, where possible, and
repetition of the measurements helps to exclude

these errors.

Of the methods for density determination, the

most reliable and accurate is the suspension

method. The density of a heavy liquid is reduced
by mixing it with a light one so that crystals or

pieces of the crystalline substance being investi-

gated become suspended in the liquid. At this

point the density of the substance is equal to that

of the liquid. The density of the latter can be found
with fairly high precision. ^^ This method was
slightly modified by the author i^^ 'phg heavy liquid

of the density of the crystal is poured directly into

a special pycnometer containing the crystal. The
temperature of the whole is then so adjusted that

the crystal becomes suspended in the liquid, the

volume of the liquid is reduced to the mark, and
the pycnometer with the liquid and the crystal in

it is weighed. From the volume of the liquid at

that temperature and from its weight, the density

of it and simultaneously that of the crystal

is then calculated. The crystals, fragments of

them, metal pieces, or chips can be small but must
have a clean surface. To avoid erroneous results,

they should not react with the heavy liquid. The
precision of the method is at least ±0.0003 g cm^
and one determination can be made in about 3

hours.

Unfortunately, the method cannot be applied to

substances with a density larger than 4.25 g cm~^
because there is no known liquid with a higher

density which is both homogeneous and trans-

parent. The usual hydrostatic method, by weigh-
ing the substance in air and in a liquid (benzene,

toluene, xylene) must then be applied. ^^ The
method is less precise (about ±0.0006 g cm"^),

but with special equipment and by weighing large

single crystals a precision of ±0.00003 g cm~^ can
be achieved. ^^

The Molecular Weight. Forn'- determinations
of high purity elements and stoichiometric com-
pounds, the respective atomic and molecular
weights have to be substituted for M in Eq. (1).

However, in the case of less pure elements or of

solid solutions or nonstoichiometric compounds,
the molecular weight has to be calculated from the

chemical composition, which is found from chemi-
cal analyses. The error due to the analysis has to

be taken into consideration. Of course, the sub-

stance for n' determination has to be homogene-
ous, without segregations; it has to consist of one
single phase.

Avogadro's Number. This number, No , is in-

variably connected with the X-ray wavelengths
as measured by Siegbahn. They were obtained by
him from the Bragg equation using for the lattice

spacing d a value that was calculated with the

aid of an Avogadro constant = 6.0594 X 10-^

gmol~^ However, after Siegbahn's measurements,
the atomic weights were determined more ac-

curately and besides it turned out that even the
purest calcite crystals (used for the measure-
ments) contain some admixtures in solid solu-

tion. ^^ Taking the amount of the latter into ac-

count^' and using the new revised atomic weights
values (based on carbon 12), as well as the con-

version factor from kX to A units

{\g/Xc = 1.00202)

a revised Avogadro number, No , was calculated

from (2): 18

N^ = k X 6.0594 X 1023/(1.00202)3 (2)

where k is the relation

3/caicite/iV/caC03 = 100.0948/100.075 = 1.000198. (3)

100.075 is the atomic weight of calcite used in the

calculations b}' Siegbahn.

Under such conditions it is found from (2)

:

No = (6.0240 ± 0.0003) X lO-^ gmol"!.

This absolute Avogadro numl^er agrees within the

limits of error with the average of

A' = 6.0236S ± 0.00002 X 10^3

obtained from Eq. (1) for several very pure sub-

stances by Smakula, Kalnajs and Sils.i'^

Error Calculation. Conclusions concerning the

presence of defects in solids from ri' calculations

can be drawn only, if

I

n' - /;
I
>

i

-^n'
I

(4)

that is, if the difference n' — n is larger than the

error An', by which the n' determinations are af-

fected. However, if this difference is equal or

smaller than An', no conclusions can be made
concerning the presence of imperfections and the

structure of the solid in all probability is perfect

or sound (within the limits of error).

Since n is an integer, it is not affected by an

error, and hence, has an absolute value. There-

fore, in calculating n' , not only the accidental but

also the systematic errors (the accuracy) must be

considered. The propagated error An' of the n'

measurement can be calculated by logarithmic

differentiation of Eq. (1).

For a cubic substance is then obtained:

An'/n' = 3da/a + dd/d + dNo/No - dM/M (5)

where An'/n' is the total (propagated) relative

error in n' determination, and da/a, dd/d, etc.,

are the relative errors of the a, d, and M measure-
ments, da, dd, etc., are the probable deviations s'

of the separate measurements computed from (6)

:

;' = ±0.675 (2AV(^i - D)''' (6^

where A is the deviation from the average value,

and rii the number of measurements of each of the

variables of Eq. (1). In order to cover the sys-

tematic errors, the probable deviation of each
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series of measurements has to be multiplied by a

factor, /, equal to or larger than 1. It is the task

of the investigator to estimate the value of the

factor / for each kind of measurement, so that the

systematic error becomes included in the devia-

tion (e.g., SdafiY^ Under such conditions the

propagated probable error or the standard abso-

lute deviation An' as derived from Eq. (5) is-.^o

An' = ±n'[{3dafjay + (dd/2/d)^

+ {dNofz/Noy + (dMU/MY
(7)

Some Results. High purikj elements. The actual

numbers of atoms n' per unit cell, as calculated

from Eq. (1) for the elements carbon (diamond), 21

germanium ,22 silicon, 23 and aluminum, 2^ are sum-

marized in Table 1. An' for diamond was found to

be ±0.00047 assuming that 3da/a = 13.5 X 10 ^;

dd/d = 28 X 10-6, and dNo/No = 49.8 X lO-^.

The error in atomic weight of C vanishes as it is

about ±0.5 of the last digit. It was further as-

sumed that the accidental errors cover the sys-

tematic and thus all the /-factors are equal to one.

A lower density would unavoidably show the pres-

ence of voids in diamond. As can be seen from

Table 1, the measured n' agrees with the ideal n

within the limits of error, and therefore, it has to

be assumed that the structure of these elements of

high purity is perfect, although they still may con-

tain some small amount of vacancies. Later meas-

urements showed that even the structure of tetrag-

onal indium is perfect (n' = 3.9999). On the other

hand, less pure Al (99.99 per cent) contained ex-

cess Al-atoms exceeding the limit of error. 25 The

table also testifies that the absolute values of the

lattice constants are correct. Thus, the true values

of them were obtained by the asymmetric method.

Some Alloys. In Fig. 1, the n' values for the

a -phase of the Ag-Zn system as calculated from

the data of Lipson, Fetch and Stockdale26, are

plotted against the composition of the phase.

The error An' was calculated from Eq. (7) assum-

ing that da/a, dd/d and dNo/No is equal to 5 X 10"^

dM/M is = 50 X 10-^ and the /-factors are = 1.

The error span An' is then = ±0.0021. Neverthe-

less all the n' values, except the second, are within

this error span, indicating that in the «-phase

there are neither interstitials nor vacant sites.

The phase represents, according to the data of the

three authors, a substitutional solid solution as

already suspected by Stockdale.27 On the other

hand, 27a Heumann and Wickers working with a

similar method, found an augmentation of in-

terestitial atoms at higher concentrations of Zn.

The concentration of such atoms increased with

certainty in the |3-phase from '-^0.3 per cent at 44

at. per cent Zn to ~1 per cent at 52 at. per cent Zn.

In Fig. 2 the n' values, calculated from the data

of Ellwood for solid solutions in the system Al-

Ag,29 are plotted against the Ag concentration.

Again, all the n' values are within the error span,

except for the 9.64 per cent alloy, which may be an

accident. However, the average n' values, as shown

by the solid line on Fig. 2, increase with the con-

centration of Ag, indicating that the amount of

interstitial atoms augments under such condi-

tions. There are some further systems described in

the literature more or less suitable for n' calcula-

tions.

It is worthwhile to proceed with this difficult

kind of work and to get some deeper insight into

the structure of alloys and the behavior of imper-

fections especially in connection with the explora-

tion of mobile vacancies and dislocations.

Oxide Systems. The Ti02-phase. Pure rutile

crystals are slightly yellowish and have a very

low electrical conductivity. ^o. si However, if

heated in vacuum the crystals or the powder dis-

color and finally turn black. Simultaneously, the

electrical conductivity increases greatly. It is

known that Ti02 loses small amounts of oxygen

while heated in vacuum and that its density de-

creases :

2Ti02 = 2TiOx -f (2 - x)02 .

The question is what kind of imperfection causes

the increase in electrical conductivity? There are

two possibilities: lower valence Ti-ions in intersti-

tial positions or oxygen vacancies. To determine

this it had to be ascertained whether or not the

structure of high purity TiOo is sound.

The lattice constant and density method gave a

value of n' = 1.9999 ± 0.0009 molec/u.c, meaning

that the structure is perfect with two Ti02 mole-

cules per unit cell.32 ^s it was not possible to de-

termine the losses of oxygen of the slightly dis-

colored Ti02 samples by chemical analysis, the

lattice constant and density method was used

again to determine the number of atoms of oxygen

X in TiO:r . This is possible, assuming that the

number of molecules n' per u.c. does not change

when a small amount of oxygen leaves the com-

pound Ti02 (or generally AB^r). It is easily ob-

tained from Eq. 1

:

2.4 + 2xB = vdNo or x = {vdNo - 2A)/2B. (8)

The composition of the six synthesized samples of

increasing darkness within the range of the ho-

mogeneous Ti02 phase was on the basis of (8) as

follows: TiOi.999o ; TiOi.990 ;
TiOi.987 ;

TiOi.9S5 ;

TiOi 984 and TiOi 983 . The composition of the last

Table 1. n' for Some Elements; An' Calculated from Eq. (7)

Element Purity 9< M g/mole a A dg/i n' per unit cell ±An'

C (diamond)
Ge
Si

Al

Vervpure 12.01115 3.56679(20°) 3.51536* (23.5°)

99.999 72.59 5.65765 (25°) 5.3234 (25°)

Semicond. 28.0875 sp. 5.43070(25°) 2.3289(25°)

99.9998 26.9826 sp. 4.04958(25°) 2.68808(25°)

8.00037 0.00047

8.00028 0.004t

8.00004 0.0009

4 . 00026 . 00044

d according to Bearden; f because of large error in d; sp-spectroscopic
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Fig. 2. n' values for Al-Ae solid solutions.

of these preparations agreed fairly well with that

calculated from weight loss and with that deter-

mined by Brauer from chemical analysis. ^^ There-

fore, there is no evidence for interstitials (n' > 2),

and the electrical conductivity of the dark TiOx
must result from the constitutional anionic vacan-

cies. Besides, according to Kleber, there is no
place for Ti-interstitials in Ti02 .^^

The Ti-iOz -phase. The Ti203 phase extends from
32.16 to 34.45 wt. per cent of oxj'gen with the

stoichiometric composition of TioOs nearly in the

middle of the phase. The question is how the struc-

ture of the phase changes with increasing oxygen
content. Again, the determination of n' gives an
answer (the samples were anal3^zed for their com-
position, M was calculated; and their densities

were found). ^^ From n' and the composition of the

samples, the number of Ti- and 0-ions (or atoms)

per unit cell was computed. In Fig. 3 the difference

in these numbers as compared with the number in

a stoichiometric cell (12 Ti- and 18 0-ions) is

plotted against the composition (Ti20x) of the

samples. Fig. 3 shows that the structure of the

phase is perfect only at one point: at the stoichi-

ometric composition Ti203 {n' is = 6.008 dt= 0.015).

At this point only, the X-ray density agrees with
the experimental. At all other compositions there

are, on the left side of TioOs , some Ti atoms or

lower valency ions present as excess entities or

interstitials (this can be proved by the hydrogen
evolution method)^^ and there are anionic vacan-

cies; on the right side there is interstitial oxygen
and there are cationic vacancies. They all are

"constitutional imperfections" as their concen-

tration cannot be changed without altering the

composition of the sample. Hence, these imper-

fections cannot be "annealed out." Of course, the

composition of the samples can also be expressed

in terms of TiyOz . In such a case the n' values will

differ from those calculated with Ti^Ox . However
the number of ions per unit cell will be exactly

the same in both cases. Therefore, Fig. 3 is correct,

and the number of imperfections per cm^ can be

easily calculated from it at any composition of

the phase.

Conclusions. This type of analysis can be ap-

plied to many phases of very different composi-

tions, including salts and intermetallic com-
pounds. Imperfections in the form of dislocations,

vacancies, and interstitials can also be introduced

into metals and compounds by various kinds of

deformation. However, it will be still more difficult

to reveal them by the method described because

of their lower concentration and comparatively

high mobility at room temperature. Nevertheless,

some efforts were made also in this direction. ^^
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Fig. 3. Interstitials and vacancies in sites per unit cell within the phase TbOs
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PERSONNEL MONITORING. See Monitoring of Radiation.

PETROLEUM FIELD APPLICATIONS OF X-RAY EMISSION

SPECTROMETRIC ANALYSIS AND THE SOLUTION

OF MATRIX PROBLEMS*

Since the X-ray emission spectrometer became

commercially available around 1950, X-ray emis-

sion spectrometry has found wide application in

the petroleum field. It has been used to perform

most of the elemental analyses encountered in the

petroleum field for elements ranging from atomic

numbers 13 to 82. The earliest application of X-ray

emission spectrometric analysis to the petroleum

field was the determination of lead, and bromine in

antiknock additives in gasoline. Sulfur and chlorine

in petroleum have been determined in concentra-

tions ranging from a few per cent to a few thou-

sandths of a per cent. Carbon and hydrogen con-

tents have been determined through the use of the

intensity ratio of coherent to incoherent X-ray

scattering. Iron, nickel and vanadium have been

determined in residua and in catalytic cracking

charging stocks, as well as on cracking catalyst.

Platinum content of reforming catalyst has been

determined with an accuracy shown to exceed

that claimed for conventional methods. Air-borne

dusts in microgram quantities have been success-

fully analyzed. New applications of X-ray emis-

* Presented at a symposium in honor of retire-

ment of Prof. G. L.' Clark, University of Illinois,

May 1960.

sion spectrometry appear every month; it is

rapidly displacing many time-honored and time-

consuming methods.

In applying X-ray emission spectrometry, the

chief problem usually lies in finding the most ap-

propriate solution for minimizing, or compensating

for, absorption and enhancement effects due to

elements other than the one being determined. All

possible approaches appear to have been used in

the search for a solution to the problem imposed

by the matrix: external standard, internal stand-

ard, compensative reference, mathematical treat-

ment, emission-absorption, compensative scattered

radiation, and matrix dilution. Specific examples

will be given to illustrate these methods.

Sulfur and Chlorine in Petroleum. As little as

0.002 per cent sulfur or chlorine has been de-

termined in petroleum liquids by X-ray emission

spectrometry through the use of optimum condi-

tions : helium path, flow proportional counter with

pulse height analyzer, and large spacing colli-

mator. The precision and accuracy of the X-ray

methods are comparable with the ASTM chemical

methods; the X-ray methods are much faster,

elapsed time per analysis being five minutes for

each element.

External standard, the simplest and most com-

monly used method for correcting the matrix ef-

fects, is conveniently used for sulfur and chlorine

in routine analysis of samples of similar com-

position. A standard sample containing the ele-

ment of interest in known concentration is run

immediately before or after the sample to be an-

alyzed. Accurate results can be obtained provided

the standard sample used for calibration is very

similar to the unknowns in composition. The sam-

ple itself may be used as external standard; this

has the advantage that it is unnecessary to have a

prior knowledge of the sample composition. For

example, in the determination of sulfur, a sulfur-

free diluent was added to one aliquot of the

sample while an equal amount of diluent con-

taining a known amount of sulfur was added to a

second aliquot. The sulfur content of the sample

was determined from the net intensities of sulfur

radiation for these two solutions. For samples con-

taining 0.008 to 0.12 per cent sulfur, the accuracy of

the method was estimated to be ±0.003 per cent

absolute at 99 per cent confidence limits.

Antiknock Compounds in Gasoline. Lead,

bromine and manganese in gasohne as antiknock

additives have been determined by X-ray emission

spectrometry. At the normal levels of a few ml

of antiknock additive per gallon, these determina-

tions are accurate to 1 to 2 per cent, relative. Since

in control analyses the composition of the sample

varies over a very limited range, use of an ex-

ternal standard is usually adequate. The effect of

variations of the carbon-to-hydrogen ratio may
usually be neglected, although a correction factor

may be derived readily from the difference in den-

sity between sample and external standard. The

presence of 1 per cent sulfur lowers the result by

only about 3 per cent. A correction for the mutual
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effect of lead and bromine is made based on cali-

bration data obtained with known mixtures.

Internal standard is the preferred technique in

dealing with a wide range of sample compositions.

It is the most foolproof method available for

ehmination of matrix interferences. The only pit-

fall to be guarded against is the possible presence

of the internal standard element in the sample;

however, an adjustment for this can be readily

made from a determination of X-ray intensity be-

fore addition of the internal standard. An ele-

ment of atomic number next to the element of in-

terest is usually selected as internal standard. In

the petroleum field the internal standard technique

has been used in the analysis of liquids but not

of sohds, because it is rather difficult to ensure

adequate mixing of an internal standard with a

soHd sample. Twenty-four hydrocarbon-soluble

metallo-organic compounds are available from the

National Bureau of Standards; these are well

suited for use as internal standards in many analy-

ses. For the determination of bromine in gasoline,

selenium added as ethyl selenide has been used as

an internal standard, thereby overcoming inter-

ferences due to the presence of sulfur and iron, and

variation of carbon-to-hydrogen ratio in base

stock.

Compensative rejerence is a modified internal

standard technique. By suspending in the sample a

solid rod composed of the internal standard ele-

ment, the step of adding a known amount of the

internal standard to the sample is circumvented.

This technique is especially valuable for routine

analysis. For determination of manganese in gaso-

line, an iron rod suspended in the sample served

as an internal standard to compensate for vari-

ations in gasoline composition and in the concen-

tration of certain other additives. The position of

the rod was adjustable, in order to permit choice

of an appropriate intensity. The sample holder

was rotated during measurement to average out

the differences in orientation of the rod with re-

spect to the X-ray optics. The method was accurate

to 0.005 g per gallon, as estimated from the analysis

of 12 synthetic samples containing 0.1 to 1 g of

manganese per gallon.

Carbon and Hydrogen in Petroleum. A method
based on the intensity ratio of coherent to inco-

herent scattering of X-rays has been developed for

the determination of carbon and hydrogen in pe-

troleum. Elements of very low atomic number pro-

duce much incoherent scattering, while elements

of higher atomic number produce much coherent

scattering. The use of intensity ratio reduces the

errors due to matrix effects and instrumental vari-

ations. The intensit^^ ratio of coherent to inco-

herent scattering of the ^¥Lal hne has been used

I for the determination of carbon and hydrogen in
' petroleum. Since nitrogen and carbon have similar

scattering properties, nitrogen is determined chemi-

cally and carbon is obtained by difference. Sulfur

causes large interferences; corrections are based

i
on calibration data from standards containing

j

known quantities of carbon, hydrogen and sulfur.

Carbon and hydrogen may be determined in 20

minutes. The precision and accuracy of the method

appear to equal or surpass those of the conven-

tional microcombustion method.

Vanadium, Iron and Nickel in Petroleum Oils.

The presence of traces of vanadium, iron and nickel

in charging stocks poisons the fluid cracking cata-

lyst; vanadium in residual fuels causes corrosion

of turbine blades and decomposition of firebrick.

Hence much effort has been exerted to develop

methods for determining vanadium, iron and

nickel in charging stocks and residual fuels. Re-

sidua have in general more than 1 ppm of each of

these metals. Techniciues have been developed

for the direct determination of metals in residua.

Three different approaches have been used to cor-

rect for matrix effects; viz., internal standard,

mathematical treatment, and emission-absorption.

Charging stocks, containing less than 1 ppm of

each of the metals, usually require prehminary con-

centration. A method has been developed employ-

ing wet ashing of the oil sample followed by
evaporation of the ash solution on a glass disk

for X-ray analysis. Another approach involves dry

ashing, using benzenesulfonic acid to destroy the

volatile metallo-porphyrins, followed by direct

analysis of the ash. Using a multichannel spec-

trometer, as low as 0.1 ppm of nickel in charging

stocks has been determined directly. However, fur-

ther improvement in instrumentation will be re-

quired before direct measurement of metals down
to the 0.1 ppm level can be readily carried out.

Mathematical treatment of matrix interferences

is very seldom used in actual analyses because of

the complicated nature of interelemental enhance-

ment and absorption of X-ray emission radiation.

However, the relatively simple composition of pe-

troleum oils offers an ideal case for the mathemati-

cal treatment, since interelemental enhancement

may be disregarded and only matrix absorption

need be considered. A simple mathematical treat-

ment has been developed to overcome matrix in-

terferences in the direct determination of the

ppm of vanadium, iron and nickel in petroleum

oils. The intensity of emitted X-ray radiation is

given by

:

/ =
{n/p)m

(1)

where / is the intensity of the radiation of interest

emitted from a sample of infinite thickness, {ix/p)m

denotes the mass absorption coefficient of the

sample, X is a constant, and w is the weight frac-

tion of the element of interest. The matrices of

petroleum oils are rather simple. Metals are usu-

ally present in such low concentrations that their

absorption contributions are negligible. The pres-

ence of 2 per cent oxygen or 4 per cent nitrogen

will lower the radiation intensit}^ by about 3 per

cent. One per cent change in hydrogen content will

affect radiation intensity by 1 per cent. Sulfur is

the onlv element present likely to interfere ap-

preciably with an analysis. Using vanadium as an
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example, Eq. (1) can be simplified into the follow-

ing form by disregarding the presence of small

amounts of metals, oxygen, and nitrogen, assuming
an average hydrogen content of 12 per cent.

Iv
KyW}

337m;s + 15.9
(2)

The term in Eq. (2) which includes ws , weight
fraction of sulfur, corrects for the effect of sulfur.

The validity of this equation has been confirmed
by the close agreement between experimental and
calculated vanadium intensities from six synthetic

samples containing to 4 per cent sulfur. Traces of

vanadium, iron and nickel in petroleum oils have
been determined with an accuracy of ±1 ppm
or ±5 per cent of the amount, whichever is greater.

The emission-absorption method requires the

measurement of the mass absorption coefficient of

a sample, using monochromatic radiation of wave-
length very close to the emitted radiation of inter-

est. The measurement can be made on an X-ray
diffractometer by replacing the sample holder with
a sodium chloride crystal and attaching a sample
cell with beryllium windows to the diffraction tube
housing. Because of the simplicity of petroleum-
oil matrices, mass absorption coefficient measured
with copper Ka radiation has been found applicable

to the determination of vanadium, iron and nickel.

Since X-ray tubes are available with only a limited

number of target materials, the use of diffrac-

tometer for mass absorption coefficient measure-
ment is limited by a restricted number of radi-

ations. An X-ray emission spectrometer may be
modified, so that emitted radiation ma}^ be used
for measurement of mass absorption coefficients.

The compensative scattered radiation technique
involves the use of scattered radiation to compen-
sate for variables in instrumentation and matrix
absorption effects. The selection of the most useful

scattered wavelength has been on an empirical
basis. In the direct determination of nickel in

petroleum oils at the 0.1 ppm level, matrix effects

have been compensated for by proportioning the

intensity of Ni Ka radiation at 1.659A to the ref-

erence background radiation at 1.648A. For deter-

mination of Ni at the 0.1 ppm level, the adverse
peak-to-background ratio of 1 to 500 necessi-

tates an extremely accurate measurement of back-
ground intensity. The selection of a reference back-
ground only O.OIA away from the radiation yields

the true nickel background. Using a multichannel
spectrometer, optimum slit settings, and curved
crystals, together with this matrix compensation
technique, nickel has been directly determined in

petroleum oils at the 0.1 ppm level.

Catalysts. X-ray emission spectrometry offers

speed and accuracy for the determination of con-
taminations and compositions of catalysts. For con-
trol analysis, use of external standard is adequate.
Minor amounts of vanadium, iron and nickel on
cracking catalysts have been determined satis-

factorily. The presence of up to 0.5 per cent of

each of the metals does not cause any detectable

interference in the determination of the other
metals. For determination of 0.5 per cent plati-

num in alumina-based reforming catalj'-st, the ac-

curacy of results obtained, using the external stand-

ard technique, has been comparable to that by
differential spectrophotometry and has surpassed
that by chemical methods.
The matrix dilution technique is usually applied

in the high-concentration range. The sample is

diluted with low atomic number elements to the

point where matrix effects become negligible. The
dilution of catalyst can be effected either by mix-
ing and briquetting or by fluxing. The latter

usualh^ yields the greater precision because it elim-

inates variations due to interparticle nonuniform-
ities. Borax or lithium borate, low-absorbing
material, is a suitable diluent for use in the de-

termination of low atomic number elements pro-
ducing soft radiation. A 100-fold dilution is suf-

ficient to reduce matrix effects substantially.

Potassium pyrosulfate, possessing the advantages
of relatively low fluxing temperature and the capa-
bility to fuse metals and sulfides directh^ is suit-

able for the determination of medium and high
atomic number elements.

A selected group of eleven elements of interest

in the petroleum field was examined, covering

atomic numbers from 20 through 42. One part of

the sample was mixed with 19 parts of lithium

carbonate-starch carrier, and the mixture then
briquetted for X-ray emission spectrometric meas-
urement. The calibration curves were linear over
most of the concentration ranges, indicating that

matrix effects were minor.

X-ra>- emission spectrometry has achieved a firm

place in the petroleum field, chiefly because it is

rapid and specific. Five to ten minutes are usually

sufficient for a determination. Liquids and solids

can be analyzed nondestructivel.y without extensive

sample preparation. X-ra^^ emission spectrometry
has precision and accuracy at least equivalent to

those of other instrument methods, such as spec-

trophotometry^ and optical emission spectrography.

It is superior to spectrophotometry in specificity;

it is usually unnecessary^ to remove interfering

elements for X-ray emission spectrography. The
main advantage of X-ray spectrometry over op-

tical emission spectrography is that X-ray emission

spectra are simpler and the spectral lines are in

simple relationship to atomic number. Therefore,

relatively little technical training is required to

interpret spectra.

Chia-chen Chu Kang

PETROLEUM PRODUCTS TRACE ANALYSIS. See Trace

Analysis by X-Ray Emission and Absorption Spectrome-
try; Trace Metals Determination.

PETROLEUM REFINING: QUALITY CONTROL BY X-RAY

ABSORPTION AND EMISSION METHODS

Accurate analyses obtained in the shortest pos-

sible time are of paramount importance to the

manufacture of high quality petroleum products
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Table 1. Summary of Quantitative X-ray Methods Applicable to the Quality Control of

Petroleum Refining

Emission methods, generally more specific and less subject to interferences, are usually preferable to

absorption methods.

Material Analyzed

x-ray Method

Element or Compound
Determined

Absorption Emission

Minimum Detected References Minimum Detected References

Sulfur Fuel Oils, Lubri-

cants, etc.

0.1 wt. % 1-13 0.02 wt. % 14

Coke — — 0.4 wt. % 16

Gasoline — 5 0.002 wt. % 15

Tetraethyl Lead Gasoline 0.1 ml/gal 4, 6, 11, 13,

17-23

0.1 ml/gal 24-26

Manganese Gasoline — — 0.1 gm/gal 27

Barium Lubricating Oils and — 6 0.1 wt. % 28, 29

Calcium Additives 0.2 wt. %
Zinc 0.02 wt. %
Vanadium Oil — — 0.01 ppm 30-38

Nickel — — 0.01 ppm
Iron — — 0.01 ppm
Vanadium Powdered Catalyst — — 0.01 wt. % 39, 40

Nickel — — 0.01 wt. %
Iron — — 0.1 wt. %
Vanadium Coke and Pitch — — 0.001 wt. % 16

Platinum Powdered Catalyst — — 0.6 wt. % 41, 42

Chlorine Gasoline, Lubricants — 9, 43 0.02 wt. % 14, 24, 26

Bromine Insecticides, Herbi-

cides

0.02 wt. %

and to the efficient operation of a petroleum re-

finery. Because of their inherent precision and

speed, X-ray techniques are being used extensively

in refinery laboratories for the control of the sulfur

content of fuel oils and petroleum coke ; tetraethyl

lead in gasoline; barium, calcium, zinc, and other

additive metals in lubricating oils; and, more re-

cently, phosphorus, sulfur, and chlorine in addi-

tive-containing lubricants.

In the control of the operation of refining units,

X-ray methods have proven themselves for the

periodic monitoring of sulfur in fractions blended

into fuels of various grades ; for the determination

of contaminants, such as vanadium, nickel, and

iron, in both the oil charged to and the catalyst

used in catalytic cracking units; and for the assay

of the platinum content of reforming catalysts. A
summary of methods is given in Table 1

.

Sulfur. Sulfur content of crude petroleum varies

rather widely, depending upon its source. Much
of this sulfur must be removed during the refining

process to make products with acceptable odor, to

assure fuels that will burn without producing exces-

sive amounts of the highly corrosive and noisome

oxides of sulfur, etc. Contrariwise, sulfur is added

to many oils to take advantage of its desirable

properties in extreme pressure lubrication and its

ability to remove heat when incorporated in vari-

ous cutting and quenching oils. The broad range

and high volume of mixtures and products to be

analyzed for sulfur have made this determination

the most important application of X-rays in the

petroleum testing laboratory.

Absorption Methods, X-ray absorption tech-

niques, using polychromatic radiation and a mod-
ified Gieger counter X-ray spectrometer, were first

applied to the determination of sulfur in hydro-

carbons.^ Accuracy of this method is ±0.025 wt. per

cent sulfur and samples containing up to 3 per

cent sulfur can be analyzed. Time per analysis is 10

minutes. A sulfur-free hydrocarbon blank has to be

compared with each sample and a gravity- factor

applied to correct for absorption differences caused

by variations in the carbon/hydrogen ratio of the

samples analyzed. Such corrections are required

because the mass absorption coefficients of carbon

and hydrogen are appreciably different at the ef-

fective wavelength of the analysis.

By using polystyrene rods, adjusted in length to

compensate for the density of the sample, as the

hydrocarbon blank, and by measuring the blank

and sample in triplicate, the procedure has been

simplified and accuracy improved to ±0.02 wt. per

cent sulfur. Time for this analysis is 15 minutes."

With the availability of a commercial instru-

ment designed specifically for polychromatic X-ray

absorption spectrometry,^ additional laboratories

began to use this method for the determination of

sulfur in distillate fuels and extend its application

to residual (black) fuels, lubricants, cutting oils,

and the like.*' ^ Precaution must be taken with the

residual fuels, however, to make certain that they
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are ash-free or that the ash content is known and

a correction appHed.® Sulfur content of gasoline is

too low to be quantitatively determined by X-ray

absorption.^

Use of MoKa radiation at 0.71A, monochroma-
tized with a NaCl crystal, minimizes the effect of

the carbon/hydrogen ratio because of the nearly

equal mass absorption coefficients of these ele-

ments at the wavelength used. Accuracy by this

simplified approach is approximately ±0.09 wt. per

cent sulfur and time per analysis is seven minutes.'

A similar application, using a modified X-ray

emission instrument to produce monochromatic
radiation at 0.59A, has also been described.® With
no gravity correction, sulfur is determined with an

accuracy of ±0.04 wt. per cent sulfur in 20 minutes.

Measurement of the absorption edge provides

another means of determining sulfur content.® Ab-
sorption is measured at several wavelengths above

and below the absorption edge. Extrapolation lo-

cates the edge and identifies the element. The ab-

sorption coefficient at the edge is indicative of the

sulfur content of the sample measured. An im-

portant advantage of this method is the absence

of matrix interference.
^°

To minimize equipment cost, iron^^- ^^' ^ and

tritium with a titanium or zirconium target^^ have

been used as sources of X-ray. Their intensities

compare favorably with the relativelj^ expensive

X-ray tube plus power supply. Iron^^ K-capture,

is a monochromatic source with an effective wave-

length of 2.05A. The bremsstrahlung from the

tritium source are polychromatic. Both sources re-

quire correction for carbon/hydrogen ratio, have

the same sensitivity^ and are subject to the same
interferences. The tritium source has several ad-

vantages over iron^^ such as longer half life (12.5

vs. 2.9 yrs.), relatively small radiation hazard,

lower cost, and greater penetration."

X-ray absorption methods have proven to be

very useful in the petroleum laboratory. Their

sensitivity, precision, accuracj^ and speed are all

satisfactory for a large percentage of the samples

requiring analysis. Serious interference by any
element other than carbon, hydrogen and sulfur is

the major disadvantage of X-ray absorption.

Emission Methods. Theoretically, the applica-

tion of X-ray emission techniques to the determi-

nation of sulfur should largely overcome interfer-

ences caused by tetraethyl lead and halogen

scavengers in gasoline, ash in residual fuel, and

relatively low concentrations of other contami-

nants. Many experimental difficulties had to be

overcome, however, before the elements between
atomic numbers 12 and 22 could be determined.

Development of flow proportional counters, pulse

height analyzers, more powerful X-ray tubes, and
more effective target materials, such as the re-

cently marketed chromium target tubes, has made
analysis possible.

Using a 60 kv tungsten target tube, quantitative

determinations between 0.02 per cent and 3 per

cent sulfur, can be obtained in five minutes on
sample types ranging from gasoline to residual

fuel." With background from a similar tube as in-

ternal standard, sulfur in gasoline has more re-

centb^ been determined quantitatively to 0.002 per

cent.^^ Time per analysis is 15 to 25 minutes.

The sulfur content of coke and pitch from either

petroleum or coal can be determined quantitatively

by X-ray emission over a concentration range of

0.4 per cent to 6 per cent sulfur. The coke must be

pulverized and sieved to less than 65 mesh and the

pitch melted uniformly onto the Mylar window

of the sample cell to give satisfactory precision.

Samples for analysis are held in disposable plastic

cups with curtain rings holding the Mylar window

in place."

The use of disposable plastic cups for presenting

liciuid hydrocarbons to the spectrograph conven-

iently obviates cell cleaning. Only samples with

relatively high vapor pressures, such as gasoHne

and crude oil, are not amenable to this technique.

Absorption of sulfur emission because of an in-

crease in carbon/hydrogen ratio lowers sulfur re-

sults. Moreover, if other elements are present in

relatively high concentrations, absorption edge,

mass absorption, or enhancement might affect the

results." These interferences can be overcome by

appb^ng a density factor, calibrating with stand-

ards having a similar matrix, diluting the sample

to the extent that the interferences are no longer

measurable, or using an internal standard. Because

of their specificity. X-ray emission procedures are

generally preferable to absorption.

Additives in Gasoline. Many additives are hi-

cluded in gasoline to perform such functions as

improvement of antiknock quality and reduction

of deposit formation in the engine. Tetraethyl lead

is used almost universally for octane improvement

and is readily adaptable to X-ray analysis. The

presence of bromine and chlorine, to act as lead

scavengers inside the engine, must be recognized

and their contribution, particularly to absorption,

must be considered. This is not usually a serious

problem, however, because the halogens are added

to the antiknock compound in stoichiometric

amounts which are carefully controlled in manu-

facture. Tetramethyl lead is also in use as an anti-

knock agent and is being used in mixture with

tetraethyl lead. The combined lead content can be

determined by X-ray, but the individual com-

pounds cannot be distinguished. Recently, (meth-

ylcyclopentadienyl)—manganese tricarbonyl has

been developed as an antiknock additive for gas-

ohne and the manganese is amenable to determina-

tion by X-ray emission.

Absorption Methods. X-ray absorption and

emission techniques were applied to the determi-

nation of tetraethyl lead earher than they were to

the determination of sulfur, because of the greater

mass absorption coefficient of lead and the greater

intensity of its emission lines. The quantitative

determination of tetraethyl lead by X-ray absorp-

tion, down to concentrations as low as 0.1 ml per

gallon, was first reported in 1929.'" This approach

was improved as more efficient detectors became

available'^ and absorption methods for the deter-

mination of tetraethyl lead were developed to a

fine point between 1949 and 1952. This was simul-

taneous with the development of the absorption

methods described for sulfur and, for the most
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part, the same polychromatic equipment was used

for both apphcations.*' ' "• ''

A comprehensive study-^ of the determination

of tetraethyl lead by absorption of polychromatic

radiation shows that : a block of polystyrene, used

as a reference, markedly reduces the sensitivity of

absorbance readings to voltage fluctuations; the

method can be satisfactorily cahbrated for samples

of constant volume or constant weight; other ele-

ments, particularly sulfur, interfere seriously; and,

a density factor must be applied to correct for dif-

ferences in carbon/hydrogen ratio. Apparent

anomalies in absorbance measurements are due to

variation in effective wavelength resulting from

filtering by the absorbing elements and scattering

by the hydrocarbons. Accuracy is ±0.01 ml of

tetraethyl lead per gallon when base stock and sul-

fur content are known or when a sample of lead-

free base stock is available for comparison. Accu-

racy with unknown base stocks and a presumed

sulfur content between 0.03 per cent and 0.15 per

cent is ±0.11 ml of tetraethyl lead per gallon. To
obviate this type of interference, measurement of

absorption above and below the Lm absorption

edge of lead at 0.950A is proposed.

Monochromatic radiation has been used for ab-

sorption measurements, and a method, using

MoKa at 0.71A has been described. Accuracy is

±0.03 ml per gallon of tetraethyl lead^^. A correc-

tion for sulfur is required. The paper also proposes

the use of thorium radiation at 0.76A and 0.95A for

the simultaneous determination of lead and sulfur.

This approach was shown to be feasible but was
not satisfactory in practice, because of the unavail-

ability of reliable thorium target X-ray tubes.

Iron^^ cannot be used as a source of X-ray for

the determination of tetraethyl lead because its

effective wavelength of 2.05A is too long.^^ The
tritium-titanium bremsstrahlung source^^ could be

used, but Httle development has been carried out.^^

Emission Methods, X-ray emission was applied

to the determination of tetraethyl lead soon after

equipment became commercially available and its

advantage in largely overcoming the interference

of other elements, paticularly sulfur, was pointed

out.^* The superiority of this procedure to a gas-

oline consumer such as the Air Force was quickly

discovered.^^ These early reports, however, did not

recognize the seriousness of the absorption errors

resulting from the change in carbon/hydrogen
ratio in going from paraffinic to aromatic base

stocks. This was pointed out in 1955 and a very
useful density correction method was described.^°

Absorption by the halogen scavengers affects the

tetraethyl lead calibration curve to the extent that

separate calibrations are needed for neat and tet-

raethyl lead plus scavenger mixes. The very minor
nature of the sulfur interference was reiterated.

Standard deviation, compared with ASTM, D-526-
42 (a molybdate titration method), is 0.028 ml
tetraethyl lead per gallon.

Other means of overcoming interferences might
include the addition of an internal standard to the

sample, use of a tube target line as an internal

standard, or dilution of the sample with a pure

solvent. In general, these means require additional

analysis time which is undesirable to the control

laboratory chemist. Dilution has the further dis-

advantage of reducing the intensity of the lead

radiation.

Recently a method has been described for the

determination of manganese antiknock additive in

gasoline by X-ray emission.-' A novel means of

introducing iron as an internal standard is used.

With inverted optics, a plug of iron is suspended

from the lid of the sample cell in such a way that

the X-rays will always traverse the same thickness

of gasoline sample between the cell window and

iron plug. The cell is spun to minimize deviations

in orientation. Interference from other elements

present in gasoline is eliminated. Precision ranges

from ±1.5 per cent of the amount present at 1

gram of manganese per gallon to ±4.3 per cent of

the amount present at 0.13 gram per gallon.

Additives in Lubricating Oils. Additives are

blended into petroleum oils to increase detergency,

and decrease the tendency of the oil to oxidize or

decompose under the extremes of temperature and

pressure characteristic of modern internal combus-

tion engines. These additives contain such ele-

ments as barium, calcium, zinc, phosphorus, sulfur

and chlorine. To manufacture additive-containing

oils to specification, close control of elemental con-

tent is essential.

For a time prior to the development of X-ray

emission methods, limited application of X-ray
absorption was tried.^ Oil containing one soap can

be analyzed easily as can load-carrying oils contain-

ing sulfur and chlorine after suitable cahbration. A
check of more complex oils containing metals can

be made, but individual elements cannot be de-

termined.

X-ray emission can separate the elements of in-

terest and this method has been used to control

the blending of lubricating oils for many years .-^

Several interferences exist, however, and appropri-

ate corrective action must be taken. Difficulties

may be due to mass absorption bj^ other additive

metals, absorption edge effects, such as the absorp-

tion of sulfur radiation by phosphorus and the ab-

sorption of chlorine radiation by sulfur, and en-

hancement of the lower atomic number elements

by radiation from the higher elements in the sam-
ple. Barium, for example, interferes so seriously

with zinc, that a family of zinc curves is needed."^

Contrariwise, zinc can interfere with barium. Dilu-

tion of the sample often helps to overcome inter-

ference, particularly with sulfur and chlorine.^* If

the interfering element is present in relatively high

concentration, however, sensitivit}' for the sought

element might vanish before the interference can

be diluted to a negligible level. Internal standard

procedures are possible, but would be difficult to

work out. Because of the wide range of atomic

numbers involved, an added internal standard

would be subject to the same types of interference

as the elements being determined. Use of an X-ray
tube target spectral line as an internal standard

might be helpful. Generally, though, dilution and
use of an internal standard add undesirably to the

time per analysis.

To date, the use of calibration curves character-
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istic of the products to be analyzed is the preferred

approach. Cahbrations are stable over relatively

long periods of time and frequent, lengthy recal-

ibrations are not needed. Use of curves, which plot

ratios of standard to sample versus concentration,

are helpful because they are largely independent

of instrument variables such as electrical compo-

nent drift. X-ray optical alignment, and goniom-

eter setting .^'' Plastic standards for determining

ratios-^ or for setting tube conditions prior to anal-

ysis^** are useful.

Vanadium, Nickel, and Iron. Analysis of Oil.

The vanadium content of fuel oil burned m gas

turbines must be kept low because vanadium de-

posits on and corrodes the turbine blades. An X-
ray emission procedure, well within the limits of

accuracy of chemical methods, is available for the

determination of vanadium in fuel oils down to a

concentration of 10 parts per million.^' A flow pro-

portional counter is used and pulse height dis-

crimination ehminates second-order tungsten in-

terference.

Vanadium, nickel and iron, in concentrations

appreciably below 10 parts per million, are of in-

terest in oils charged to catalytic cracking units in

typical petroleum refineries. Because the catalyst,

usually a mixture of silica and alumina, is regener-

ated periodically and brought into contact many
times with fresh oil, nonvolatile and noncombusti-

ble deposits from the oil accumulate on the cat-

alyst. If vanadium, nickel, or iron deposit on ac-

tive surfaces, catalytic activity declines and the

catalyst is "poisoned."

X-ray emission analysis has been applied exten-

sively to oils charged to catalytic cracking units.

Early work was done with relatively insensitive

equipment and the limit of detectability was in-

creased by analyzing samples which had been wet-

ashed.^^ An aliquot of the aqueous solution of the

ash was dried on a glass plate and spun in the X-
ray beam to give uniform average intensities. Pre-

cision and accuracy for vanadium and nickel were

reasonably good and X-ray analysis was much
faster than chemical. Iron interfered seriously with

nickel and a correction was needed.

More recently, a rapid ashing procedure, using

benzenesulfonic acid, has been developed.'*^ The
ash is caught on a glass filter disk and analyzed by

X-ray emission. Cobalt is added before ashing and

used as an internal standard. This procedure is par-

ticularly valuable for concentrations below 2 parts

per million vanadium and nickel. The method has

also been extended to include the determination of

iron and copper down to 0.01 ppm.^^ Xylene-

sulfonic acid, prepared from pure reagents, is used

for the ashing and the ash is mounted on ''Mylar"

film for X-ray analysis.

Direct analysis of the oil is preferable to ashing

to save time, to reduce the possibility of contami-

nation by reagents used in ashing, and to eliminate

the possibility of elemental loss during ignition.

Cobalt has been used as an internal standard for

the the quantitative determination of 2 parts per

million nickel in petroleum crude.''* Cobalt-chro-

mium has been similarly used for the determination

of parts per million vanadium, nickel, and iron in

crude oils or in oils charged to catalytic cracking

units.'^^ Comparison with chemical results is close.

Another approach to the direct analysis of oils re-

jects internal standards for the determination of

vanadium, iron, and nickel in favor of theoretical

corrections."''** Oxygen and nitrogen were present

in concentrations too low to affect mass absorption

appreciably. Hydrogen concentration was assumed

to be between 9 and 13 per cent, a range too small

to affect the results. The effect of sulfur content is

not negligible, however, and a correction must be

apphed. Precision of the method is ±1 ppm or

±5 per cent of the amount present, whichever is

greater. Results compare favorably with chemical

analyses. Time per analysis is 40 minutes.

The detectable limit of vanadium and nickel

concentration has been lowered to 0.5 and 1.0 parts

per million respectively by using a 100 kv X-ray

source.''' A more significant increase in sensitivity

has since been reported''® using a multichannel,

curved crystal X-ray emission spectrometer. Nickel

in oil is determined in the range from to 0.6 ppm
with a standard deviation of 0.035 ppm. Back-

ground 0.01A from the nickel line is used as a ref-

erence to minimize the matrix effect. Extremely

stable instrumentation is needed, however, because

of the very low, 1/500, nickel/background ratio.

Analysis of Catalyst and Coke. The determina-

tion of vanadium, nickel and iron in cracking

catalysts by X-ray emission has been given rela-

tively little attention, probably because of the im-

portance attached to keeping contaminants from

reaching the catalyst. Powdered samples have

been successfully analyzed for these elements.""

Vanadium and nickel can be determined at con-

centration as low as 0.01 wt. per cent with a pre-

cision of ±0.002 wt. per cent. Iron can be deter-

mined as low as 0.1 wt. per cent with a precision

of ±3 per cent of the iron present. Interferences,

except from contaminants in the tube target, were

not considered important in this application. The

problems of elemental interactions in the analysis

of catalyst by X-ray emission have been discussed

at length and the effects of diluting samples with

starch, graphite and lithium carbonate considered

in detail.*°

Vanadium between 0.001 per cent and 0.1 per

cent, in carbon materials such as coke and pitch

from both petroleum and coal, has been determined

by X-ray emission.^** Sulfur interferes with the

analysis, but a family of curves can be used to

make a satisfactory correction. Titanium and chro-

mium would also interfere if present.

Platinum in Reforming Catalysts. The ex-

tensive use of platinum in catalyst for the reform-

ing of cycloparaffins to higher octane aromatics

has presented the problem of assaying the catalyst

for its precious metal content. Because of the time

required to perform chemical analyses, develop-

ment of a relatively fast X-ray emission procedure

was attractive. Precision of ±1 per cent of the

platinum content has been claimed using pellets

of carefully ignited sample.*^ Carbon, iron, and

water did not interfere. Later work, in which condi-

tions of sample preparation are very closely con-

trolled and the matrix is not allowed to change,
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shows a standard deviation of ±0.0025 per cent

platinum at the 0.6 per cent level.'' This accuracy

can be achieved only with new catalysts at present

because iron, which builds up on the catalyst with

use, interferes. These analyses reciuire extreme care

in performance; consequently, they should not be

considered as control tests in the usual sense and

should be performed only by highly specialized

personnel.

Halogens in Hydrocarbons. Halogens are of

interest in the petroleum industry because of such

uses as lead scavengers in gasolines containing

tetraethyl lead, additives in load-carrying lubri-

cants, and insecticides and herbicides marketed by

petrochemical companies. Chlorine and bromine

in hydrocarbons have been satisfactorily de-

termined by polychromatic X-ray absorption and

absorption-edge spectrometry,® and by K-capture

spectroscopy."'' With the latter method, precision is

±2 per cent of the amount present at the 10 per

cent chlorine and 25 per cent bromine levels.

Other elements, of course must be absent. X-ray

emission has been used to analyze for bromine in

gasoline"'' and to determine whether the tetra-

ethyl lead has been added neat or with halide

scavengers.^" The latter is important because ab-

sorption by the halogens appreciably affects the

tetraethyl lead calibration and scanning Ka of

bromine allows choice of the proper curve. Using

selenium as an internal standard, bromine has been

determined in hydrocarbons by X-ray emission

with an accuracy of ±0.01 wt. per cent over the

range 0-0.4 wt. per cent.**

With the development of more sensitive de-

tectors, pulse height analyzers, and more powerful

X-ray sources, chlorine, with its relatively low

atomic number, became amenable to X-ray emis-

sion analysis. 13-17 per cent chlorine in lubricating

oil additive, insecticides and herbicides has been

determined accurately.^* The determination of

chlorine in lubricating oils by X-ray emission is

seriously affected by sulfur edge absorption. Many
chlorine-containing oils also include sulfurized ad-

ditives and care must be taken to correct for sulfur.

Dilution of the sulfur content to 0.2 per cent or

less or comparison of the sample to a chemically

similar standard provide satisfactory corrections.

Absorption edge interference of phosphorus-con-

taining additives and mass absorption or enhance-

ment effects of metal additives can be similarly

overcome.
If equipment is available for determining chlo-

rine by absorption edge spectrometry, this ap-

proach should be considered for overcoming ex-

treme matrix effects.^"

Conclusion. The foregoing discussion has been

devoted exclusively to X-ray methods applicable

to control analysis in the petroleum refinery labora-

tory. Many other diverse applications, such as the

accurate determination of carbon/hydrogen ratio

by the scattering of X-rays,*^ the measurement of

thickness of tube and vessel walls in refining equip-

ment by radiation methods, and the study of the

structure of catalj^st, coke, greases, etc., b}^ X-ray

diffraction,*" are also widelj^ used by the petroleum

industry.
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PHARMACEUTICAL AND FINE CHEMICALS RESEARCH

AND QUALITY CONTROL WITH X-RAY METHODS

X-ray analysis is being applied increasingly

throughout the pharmaceutical and fine chemical

industries. Demands for safer, more potent, and

more elegant products cannot be met without

extensive crystallographic knowledge and more

rapid, sensitive, and accurate analytical methods.

X-ray Dififraction. The success of a new product

is seldom independent of its physical form. X-ray

investigations of crystal form, crystallite size, ex-

tent of crystallinity, and crystal orientation have

each been important for particular products.

For a steroid, the crystal form is to be con-

sidered prior to formulation as a suspension or an

ointment. An unstable form may transform in a

formulation to the stable form. The resulting ag-

glomeration cakes the suspension or destroys the

uniformity of the ointment. This problem is not

trivial. There is evidence for six crystalline modi-

fications or solvates of cortisone acetate, three of

hydrocortisone-i-butyl acetate, and so on through

the various steroid series. X-ray diffraction is used

to study the number of forms, the conditions of

formation, and the stabiUty of each form.

Another pharmaceutical ingredient did not al-

ways dissolve freely in water. It often balled up

and went into solution very slowly. X-ray diffrac-

tion readily indicated that the preparation was a

mixture of an anhydrous form with varying

amounts of two hydrates. The problem was solved

by crystaUizing the product as a stable hydrate.

The efficacy of certain drugs is dependent upon

crystal size. Indeed, cathomycin must be amor-

phous to be absorbed by the body. Various prepa-

rations were studied to find an amorphous formu-

lation of adequate stability. Crystallite size and

extent of crystallinity, determined from X-ray

diffraction, are important for products ranging

from pharmaceutical fillers to retarders and sta-

bilizers in automobile tires.

X-ray diffraction often supplies information

difficult or impossible to obtain otherwise. Molecu-

lar weight and symmetry are determined on an

unknown available only as a few small crystals.

Crystalline samples are identified more con-

veniently and more surely than by other methods.

While the value of a molecular weight in struc-

tural research is evident, the value of molecular

symmetry should not be overlooked. A complete

three-dimensional structure was recently written

for an anticancer drug from the molecular sym-

metry and other physical and chemical data. The

structure could not have been obtained without

the symmetry. In particular, the spatial considera-

tions introduced by the symmetry provided the

key to the understanding of the titration data.

X-ray diffraction is uniquely suited for identifica-

tion of corrosion products, insoluble residues, and

other unknowns available in small quantities. Of-

ten X-ray diffraction confirms an identity. Are

identical products produced by alternate syn-

theses? Is a second batch of material the same as

the first? Patent attorneys are increasingly re-

questing X-ray patterns for identification of com-

pounds involved in patent apphcations or patent

htigation.

Problems of purit}' can be investigated with

X-ray diffraction. The presence of an impurity is

discernible in an X-ray diffraction pattern if the

pattern of one of the components is known or can

be determined. Otherwise it may be necessary to

index the pattern to detect extra peaks. For most

organic substances indexing must be done by sin-

gle crystal methods. The power of the X-ray

method for purity determinations is that the pat-

terns are unique despite chemical or other simi-

larities. Other methods are sometimes unable to

observe the contamination because of these simi-

larities. In the case of the antibiotic Chloromycetin,

only the dextro rotatory form is biologically ac-

tive. X-ray diffraction was able to certify within

0.1 per cent that all the levo form had been re-

moved from a purified sample. The drawbacks to

X-ray methods for purity determinations are two-

fold; the indexing of a pattern is quite time con-

suming, and minor impurities are often masked by

the major pattern.

The need for crystallographic information in

interpreting other physical data is illustrated by

the unexpected rejection of a large production

batch of a drug that had been produced for several

years. The melting point was low and broad. After

considerable work looking for an impurity, an X-

ray pattern w^as taken. This indicated that the

batch was chemically quite pure, but that a minor

process change had partially altered the crystal

form. The melting point naturally reflected this

change.

Solubility analysis, a technique based on the

phase rule, is an important criterion for purity.

A series of saturated solutions are made with suc-

cessively larger amounts of residue. An apparent

increase in solubility with increasing residue is evi-

dence of impurity. Diffraction studies are made on

new substances to avoid diflaculties resulting from

unexpected solid phases.

X-ray Spectrography. The majority of the ap-

plications of X-ray diffraction are at the research

level. For routine control other crystallographically

more limited but more rapid methods are normally

used. Infrared spectrography is foremost among
these. On the other hand, quantitative X-ray spec-

trography is used widely in control where the

large number of similar samples makes speed and
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accuracy more important than the time necessary

for originally standardizing the method. Problems

of research and customer service are often solved

by qualitative X-ray spectrography.

Samples for X-ray spectrography come in a

variety of forms. Once rubber stoppers were

checked for zinc because diptheria-tetanus toxoid

was being precipitated in the vials. Direct analysis

of the stoppers confirmed the presence of zinc. Re-

cently a few dishonest concerns have been labeling

their tablets with the names of their better known
and trusted competitors. Suspected counterfeits

were screened with no grinding or other prepara-

tion. Analysis was made for the fillers which were

not the same as in the legitimate tablets. Besides

these and other rigid shapes, samples in solution,

in biological tissue, and those precipitated on pa-

per are handled directly. X-ray spectrography

eases sampling problems on nonuniform samples

by averaging out large sample areas.

Frequently pharmaceutical preparations con-

tain several active ingredients, inert fillers, stabi-

lizers and flavoring agents. The alkaloid hyoscine-

hydrobromide in a motion-sickness preparation

must be assayed for in the presence of a hundred-

fold excess of chloride and other active and inert

ingredients. X-ray spectrography does this with

speed and accuracy by determining the bromine.

Vitamin-mineral mixtures containing calcium, iron,

manganese, copper, potassium and zinc must be

held to tight specifications. X-ray spectrography

accurately analyzes for each of these elements in

a fraction of the time required by other methods.

A number of steroids are synthesized using

selenium as a catalyst. The extreme toxicity of this

element requires that it be removed. Difficult to

determine by ordinary methods, selenium is readily

determined at the proper level with X-ray spec-

trography.
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PHARMACEUTICAL RESEARCH USES OF X-RAY DIFFRAC-

TION AND SPECTROGRAPHY

Most drugs are organic compounds of synthetic

or natural origin, and manj^ research problems are

associated with their identification, purity, and the

properties of their crystal forms. When a compound
shows promise as a potential product, a compre-
hensive knowledge of its characteristics becomes
important for patent, manufacturing and quality

control purposes. Many physical and chemical

techniques must be marshalled to delineate these

properties, and X-ray methods are an important

part of the program. If the necessary accessories

are at hand. X-ray diffraction equipment can be

used also for spectrographic determinations. The
combination makes a versatile and valuable tool

for the pharmaceutical laboratory.

The powder diffraction pattern is a unique char-

acteristic of a given crystalline compound, and is

unsurpassed as a means of identification. It can

be obtained with less than a milligram of sample
in the Debye-Scherrer camera. If larger quantities

are available, the recording diffractometer may be
utilized. Liquids and amorphous solids do not give

distinctive patterns, so other means of identifica-

tion must be used for these materials. In conjunc-

tion with the structural problems of chemical syn-

thesis and the isolation and studj^ of naturally

occurring components, infrared and ultraviolet spec-

troscopy and nuclear magnetic resonance are more
generally useful. Although X-ray diffraction per-

mits identification of pure, crystalline compounds,
its acquisition for this purpose alone would hardly

be warranted.

Important formulation problems may arise as a

result of the tendency of organic compounds to

crystallize in different forms. Each crystal form has

unique properties, and the appropriate one must
valuable in determining polymorphic phase rela-

be selected for a specific formulation. A crystal

form may be metastable, and under certain condi-

tions will change to another. Conditions are espe-

cially favorable for reversion in the case of liquid

suspensions. The new crystal form vciqn bring

about undesirable changes in the product, and may
be less effective therapeutically. Characterization

of the polymorphic states of a drug is essential if

these difficulties are to be avoided.

Observations with the hot-stage microscope^ are

valuable in determining polymorphic phase rela-

tionships and properties. However, the X-ra}- dif-

fractometer is the instrument of choice when

25 50 75 100 7.A
00 75 50 25 %B

Fig. 1. Diffractometric analysis working curve of

reference mixtures of 2 forms of antibiotic.
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quantitative data on mixtures of crystal forms are

desired. Microscopy and diffractometry are com-

plementary, and both should be used on this type

of problem.

One of the uses of X-ray diffractometry is illus-

trated by the case of an antibiotic suspension, some

lots of which changed markedly in appearance and

lost efficacy on standing. Ultraviolet spectropho-

tometry estabhshed that chemical degradation of

the compound was not involved, so attention was

directed to a possible change in crystal form. X-ray

diffraction verified that this was the cause of the

deterioration of the suspension. Experiments de-

signed to find a method of crystallization and a

formula modification that would reduce the tend-

ency for crystal reversion were initiated. For-

tunately, the diffraction pattern of the original

form "A" and the new form "B" each has a unique,

strong reflection. These became the basis of a dif-

fractometric analysis. A series of reference mixtures

was prepared, using pure samples of "A" and "B."

Intensities at the two appropriate Bragg angles

were measured, and the ratios plotted against com-

position to give the working curve shown in Fig. 1.

Substances in the experimental mixtures, which

might have prevented accurate assay, were elimi-

nated by an aqueous wash of the solids, which were

then dried and ground lightly.

The technique described above is suitable for

different kinds of assays. Theoretically, the hi-

tensity of a single Bragg reflection associated with

a component will permit an analysis. In practice,

accuracy is improved by the addition of an "in-

ternal standard." This is a compound which is

mixed with the sample to provide a reference in-

tensity measurement.
The following factors also contribute to ac-

curacy :

1. Instrument stability.

2. Specimen homogeneity; the surface com-

position must be uniform and representative

of bulk composition.

3. Uniformity in sample packing.

4. Uniformity of matrix composition, so that

absorption effects are constant.

5. Random orientation of the component
particles.

6. Small and uniform particle size. This is an

important requirement for attaining condi-

tions 2, 3 and 5.

Introduction of an internal standard, with the

attendant mixing and grinding, promotes these

conditions and provides a degree of compensation

for some variables which are not entirely con-

trolled. A comprehensive discussion of the require-

ments for quantitative analyses of powder mixtures

is given in Klug and Alexander .-

A crystalline substance can also be assayed in

suspension. There should be no appreciable settling

during the measurement, but this is easily checked

by a second reading after a time interval. An in-

ternal standard is less important with suspensions

than with powders. Measurement of the back-

ground intensity, from which a peak-to-background

ratio at different concentrations is obtained, pro-

vides some compensation for instrument and

sample variations.

When powder diffraction is used for identification

of compounds, knowledge of certain limitations

will help prevent error. For example, two similar

steroids may combine in one crystal, the pattern

of which is very hke that of the principal com-

ponent.^ The pattern of the mixture can also be

strikingly different from that of either one alone.*

The patterns of the polymorphic forms of a sub-

stance are usually quite different, which makes

identification difficult. It is important that the ma-
terials in question be crystallized under similar con-

ditions. If the powder diffraction patterns do not

answer questions of identity, fusion observations

with the hot-stage microscope may be helpful.

Diffraction data obtained on single crystals can

be of great service to the chemist. Unit cell dimen-

sions obtained from these observations, combined

with crystal density, form the basis of a method

for the precise determination of molecular weight.

Single-crystal photographs obtained with a Weis-

senberg or a precession camera are invaluable for

determining crystal symmetry and lattice type.

This information may permit a choice to be made
between proposed molecular structures.

Particle size is often of great importance in

pharmaceutical formulations. It can be measured

in the submicron range by means of the line-

broadening effect. Best accuracy is obtained when

the average particle size is less than 0.05 micron,

which makes it most useful below the range of

the microscope. The phenomenon is a function of

the number of lattice planes per crystal involved

in a Bragg reflection; the fewer the reflecting

planes, the broader the line. The subject is dis-

cussed in detail by Klug and Alexander.^

The need for a spectrographic instrument in the

pharmaceutical research laboratory depends upon

the demand for analyses of elements other than

carbon, hydrogen, and nitrogen. These important

elements are unfortunately outside the range of

the X-ray spectrograph. With elements of atomic

number greater than 12, the X-ray spectrograph is

a most effective analytical tool, and is equally suit-

able for immediate research problems and for

routine assay's. During recent 3^ears in the authors'

laboratory, the following elements were found in

qualitative examination, or were the subject of

quantitative determinations: Al, Si, P, S, CI, K,

Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Br, Mo,

Rh, Pd, Ag, Sn, Sb, I, Pt, Hg, Pb, Bi, and U.

Samples in which these elements occurred were

extremely varied, and included plasma proteins,

tablet and syrup mixtures, catalysts, synthetic

chemicals, antibiotics, and metal fragments.

The X-ray spectrograph has certain advantages

over optical emission instruments. It is relatively

inexpensive when used as an attachment to exist-

ing diffraction equipment. The spectra are com-

paratively simple and are more easily interpreted.

X-ray fluorescent excitation is not destructive,

which can be helpful when specimens are small and

further data are required. Generally, very little

sample preparation is needed.
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This is illustrated by a case in which a precipitate

developed in some vials of a protein product. A
quahtative scan of the collected precipitates

showed the presence of zinc. The rubber closures

were analyzed directly for this element, and it was

found that a zinc compound leached from them

had caused the precipitate. The ease with which

this production problem was solved demonstrates

the capacity of the X-ray spectrograph to analyze

materials of diverse shapes and composition with-

out lengthy preparation.

Some pharmaceutical products have minerals

added as nutritional supplements. A typical prepa-

ration contains iodine, manganese, cobalt, potas-

sium, molydenum, iron, copper, zinc, magnesium,

calcium, and phosphorus, in addition to the vita-

mins. The X-ray spectrograph can be used to as-

say these mixtures directly, although it is advis-

able to make up standards similar in composition

to the product. Accuracy is enhanced in some cases

by addition of an internal standard. The method

used in one quaUty control laboratory is described

by Cram.^

Elementary analysis is not usually as significant

as are applications of X-ray diffraction in the phar-

maceutical research laboratory. The situation may
be reversed in the quaUty control laboratory. The

May-August, 1961, issue of the Norelco Reporter

contains a number of articles describing the use

of X-ray instrumentation in the pharmaceutical

industry. The reader is referred to books by Lieb-

hafsky, Pfeiffer, Winslow, and Zamany,'' and by

Azaroff and Buerger,^ for guidance in X-ray spec-

trographic and diffraction procedures.

In the pharmaceutical industry, as in any where

crystalline materials are a basic commodity, the

means for acquiring information about crystal

structure is an essential facility. It has been amply

demonstrated by the number and value of appli-

cations in recent years that no pharmaceutical

manufacturer with a substantial research program

can afford to do without the services of X-ray dif-

fraction.
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PHASE PROBLEM IN CRYSTAL STRUCTURE ANALYSIS

The Main Problem. It is well-known that

most solids occur in the crystalline form, i.e., the

atoms of which they are comprised constitute a

three-dimensional lattice. In other words, the con-

tents of a fundamental parallelepiped, the so-

called unit cell, undergo endless repetition in

each of three noncoplanar directions. The central

problem in crystal structure analysis is the deter-

mination of crystal structures, i.e., the identity

and position of each atom in the unit cell.

The Phase Problem. With the discovery of

the diffraction of X-rays by crystals a powerful

method for the determination of crystal structures

was opened up. The relationship between the dif-

fraction pattern and the crystal structure is given

by means of the equation.

p(r) = - S ^h exp (-

y h
2Tri\i-r) (1.1)

where p(r) is the electron density function, V is

the volume of the unit cell,

F\i = \Fh.\ exp iiiph) (1.2)

is the complex crystal structure factor, tp is the

phase of F, r is the position vector of any point in

the unit cell, and h is the vector, the components
h, k, I of which are integers (the so-called Miller

indices) which label the diffraction maxima. The
positions and magnitudes of the maxima of (1.1)

yield the crystal structure directly. In order to

compute (1.1) a knowledge of the (complex) crj^s-

tal structure factors Fh as a function of the Miller

indices is required. Experiment, however, yields

only the magnitudes
|
F\x \

of the structure factors

and gives no direct information concerning their

phases <^h • Thus if (1.1) is to be used to determine

crystal structures, it is essential to determine the

values of the phases (ph. • The problem of determin-

ing these phases, w^hen only the magnitudes of the

structure factors are given, is the so-called phase
problem.

In general the values of the phases may lie an}^-

where between and 27r. However, if the crystal

has a center of sj-mmetry at the origin of coor-

dinates, then each phase must have the value or

TT. In this important case then, (1.2) implies that

the structure factors are real, and the phase prob-

lem reduces to the problem of determining the

signs of the Fh .

The Phase Problem is Determinate. It is evi-

dent that (1.1) may be computed using the ob-

served magnitudes
|
Fh

I

and arbitrary values for

the phases v'h • In this waA^ infinitely many elec-

tron density functions p(r) may be obtained. For
this reason it had been generally believed that the

phase problem was unsolvable in principle. How-
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ever, if arbitrary values for the phases are used,

electron densities p(r) are obtained which do not

correspond to real structures and are therefore not

permissible. Once it was recognized that permissi-

ble electron distributions are severely limited,

e.g., must be everywhere non-negative and in fact

must be even representable as a sum of N known

discrete electron distributions (where N is the

number of atoms in the unit cell) it could readily

be shown that the phase problem is not only solva-

ble in principle but that the available data are in

general more than sufficient for the solution.

Other Methods. It should be noted that Eq.

(1.1) is not the only path leading from the diffrac-

tion data to the crystal structure. With the dis-

covery by Patterson^ that the positions of the

maxima of the Fourier series

Pb Fh? exp (27rzh-r) (1.3j

coincide with the interatomic vectors in a crystal,

an important tool for crystal structure determina-

tion was created. Since only the observed magni-

tudes
I

Fh
I

are required to compute (1.3), the

Patterson function may be assumed to be known.

However, as the crystal structure becomes more

complex, the number of interatomic vectors in-

creases rapidly. Hence it is very difficult to inter-

pret the Patterson map of complex structures

(unless the structure is of special type, e.g., con-

tains a single heavy atom). Since we shall be pri-

marily concerned with the solution of the phase

problem as a means for crystal structure deter-

mination, the methods based on the Patterson

function, as well as other methods, e.g., the trial

and error technique, will not be discussed further

in this article.

Formulation of the Phase Problem. Once
the assumption is made that the electron density

function is representable as a sum of A^ discrete

electron distributions, Eq. (1.1) leads immedi-

ately, by inversion, to

N
Fjj

I

exp (i<p^)

i=l (2.1)

exp (2Trih.-rj)

where fjh is the known atomic scattering factor

of the jth atom and ry is its position vector. In

general there are more equations in the system

(2.1) (obtained by allowing the components h, k, I

of the vector h to range over the integers) than

are needed to determine the values of the unknown
phases (ph and the unknown vectors Vj . It should

he pointed out, however, that the occasional

occurrence of a homometric set (2), i.e., two or

more structures having the same interatomic

vectors or, equivalently, the same set of structure

factor magnitudes \ Fhl, implies that the system

(2.1) has two or more solutions. Except for the

special case of enantiomorphous pairs, i.e.,

homometric structures related to each other by

reflection through a point, this minor complication

will not be considered further.

It is conceivable that, by eliminating the un-

known phases (fh from the system (2.1), one may
succeed in solving (2.1) directly for the unknown
vectors ry and thus dispense with (1.1) altogether.

Although Avrami^ made a first step in this direc-

tion, the method appears to be so unwieldy as to

offer little hope of a practical solution.

A more promising approach is to eliminate the

unknown vectors ry from the system (2.1). In this

way a great variety of relations among the struc-

ture factors Fh are obtained. Some of these express

a particular structure factor in terms of others, so

that once the values of a basic set of structure

factors (i.e., phases) have been determined, then

the values of others may be obtained. Other rela-

tionships express a particular structure factor in

terms of only the magnitudes of the remaining

ones, and thus do not require a previous knowledge

of any phases.

The Structure Invariants. Since the position

vectors r^ depend not only on the crystal structure

but also on the choice of origin, Eq. (2.1) implies

that the values of the structure factors Fh also

depend on the choice of origin as well as on the

structure. As it turns out, however, the magni-

tudes
I
Fh

I

of the structure factors depend only

on the structure and are independent of the choice

of origin. The values of the phases (fh ,
on the other

hand, do depend both on the position of the origin

and the crystal structure. This fact complicates

the problem of direct phase determination since it

requires that some provision be made for speci-

fying the origin.

The obstacle is most easily overcome by the

introduction of special linear combinations of the

phases, the so-called structure invariants,^-' the

values of which depend only on the structure and

are independent of the choice of origin. The most

important of these are the linear combinations

^hl + *^h2 + ^h3
(2.2)

where

hi + ho -i- hs = 0. (2.3)

The expressions (2.2), where hi ,
ho

, and hs satisfy

(2.3), are not only structure invariants for all the

space groups, but the additional structure invari-

iants, involving fewer than three phases, which are

appropriate to any particular space group are

easily obtainable from (2.2). For example, in the

space group P T, every phase is or tt, provided

that the origin is chosen at a center of symmetry.

Writing hi = ho = — h, (2.3) requires that hs = 2h

and (2.2) implies that 2<^_h + f^h is a structure in-

variant. However 2<^_h is 2-0 or 2-7r, i.e., 0. Hence

<^oh is a structure invariant for the space group

PI (in fact for every centrosymmetric space

group) no matter what the vector h may be. Simi-

larly, it is easily shown that, for the centrosym-

metric space groups, <ph^ + (fh^ is a structure in-

variant provided that the components of hi + h2

are even integers.

Since it is the structure invariants, rather than

the individual phases, which are determined by
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the structure, it is to be expected that the observed

magnitudes of the structure factors lead initially

to the values of the structure invariants. The
values of the individual phases may then be ob-

tained by a simple arithmetic procedure^ an in-

tegral part of which is the specification of the

origin. This is ordinarily accomplished by specify-

ing in a suitable way the values of an appropriate

set of structure factors. In the space groiip P 1

the values of a primitive triple of phases, for ex-

ample v'lio , <pin , (P102 are to be arbitrarily specified.

Again, in the space group P 1, each of the three

phases (pm , <piis , <P2Zh , for example, may be arbi-

trarily specified to be either or tt. In the latter

case each of the eight possible choices is equivalent

to selecting one of the eight centers of symmetry
as origin.

If the enantiomorph, S*, of a structure, S, is

distinct from S, in which case both structures have
the same set of structure-factor magnitudes

I

Fh I,
then only the magnitudes of the structure

invariants are determined by the
|
Fh |. In this

case it is necessary to choose a particular enanti-

omorph. This is accomplished by arbitrarily speci-

fying the sign of a particular structure invariant.

Once this is done then the values (both phases and
magnitudes) of the remaining structure invariants

are determined by the
|
i^h

|
•

The importance of the set of invariants (2.2) is

that once their values have been found, and once
the origin (as well as the enantiomorph if neces-

sary) has been selected in accordance with the

recipe appropriate to the particular space group
at hand, then the values of the individual phases
may be determined.

In the space groups of higher symmetry the

problem of origin specification is complicated by
the fact that not all permissible origins are ge-

ometrically related to the symmetry elements in

the same way. For the solution of this problem it

is necessary to introduce the concept of the struc-

ture seminvariants, a discussion of which may be
found in the literature. ^-^

Relationships Among the Crystal Structure
Factors.Inequalities . The first inequality rela-

tionships among the structure factors were ob-

tained by Harker and Kasper.^ Their analysis was
strongly dependent on the crystal symmetry, but
they made implicit use also of the non-negativity

of the electron density function p(r). Karle and
Hauptman,!" stressing the latter property of

p(r), obtained a complete set of inequalities based
on it. The inequality

(3.1)

is the simplest nontrivial one. Later workers^^-^i

recast the inequality relationships in simpler

forms in the attempt to make them of practical

utility. Although these certainly justify the hope
that important progress in this direction will be

^hl+h2 -

Fh^Fh,

Fo

1 Fo F_

Fh.Fo

hi
1/2

Fo F.h,

Fh.Fo

made, they appear, at the present time, to be too

intractable to be useful in the determination of

phases for complex structures.

Equalities. Although the first relationships

among the structure factors appear to have been

found by Ott22 and Banerjee,^^ their analysis was
limited and their work attracted little attention.

It was not until the 1950's when, by means of more
powerful algebraic and probability techniques, a

number of workers succeeded in deriving a great

variety of relationships among the structure

factors.

Generally speaking, these equations have exact

validity if the crystal consists of N identical point

atoms. If the crystal is composed of dissimilar

atoms the relationships still retain probable

validity. The limitations imposed by the occur-

rence of dissimilar atoms appear to be unimportant
for centrosymmetric structures, when the phases

must be or tt. For noncentrosymmetric struc-

tures, however, in which the departure from the

identical atom case is significant, these limitations

are likely to be much more serious. However, there

exist identities among the structure factors, ^^^ ^°

valid no matter what the contents of the unit cell

may be, which may prove to be useful in overcom-
ing this difficulty. No practical use of these identi-

ties has been made as yet.

It is necessary to stress another limitation of

most of the structure factor relations, the im-

portance of which was not at first fully realized.

This concerns the requirement that a certain type

of rational dependence among the atomic coor-

dinates^^ not be present. The existence of such

rational dependence, closely related incidentally

to the presence of overlapping peaks in the Patter-

son map, spoils the exact validity of most structure

factor relations even in the equal atom case. Un-
fortunately, owing to the symmetries present in

most crystals, rational dependence appears to oc-

cur quite frequently and may often be severe

enough that supplementary procedures are re-

quired. One method which has had some success,

the renormalization of structure factors, ^^^ ^^ de-

pends on the fact that when rational dependence
is present the averages of the

|
Fh 1^ over certain

subsets of the vectors h depart significantly from
their expected values. Rescaling the

|
Fh I,

so as to

restore the affected averages to their normal
values, also restores the validity of some of the

phase-determining formulas. A different approach
to this annoying problem is described in the sec-

tion of this article entitled "The Vector Interac-

tion Formula."
Only a few of the large number of phase-deter-

mining formulas can be discussed in any detail

here. In order to achieve utmost simplicity and
brevity it will be assumed that the structure con-

sists of N identical point atoms and that no ra-

tional dependence is present. The reader is re-

ferred to the literature for those modifications and
supplementary formulas required when these con-

ditions are not exactly fulfilled. Instead of the

structure factor, Fh , "^'e employ the quasi-nor-

malized structure factor, eh , defined by means of



PHASE PROBLEM 752

^h =
I ^h I

e^P (^^h)

1 N (3.1)

= -[72 S fjh exp (27rih-r;)
,

0-2 i=i

^here

0-2 = H /jh,
i=i

(3.2)

so that, in view of (2.1), the phase <ph of eh is iden-

tical with that of the structure factor Fh . Since

the atomic structure factors, /yh ,
are known, the

magnitudes! €h |
of the quasi-normalized structure

factors may be assumed to be known along with

the magnitudes of the Fh •

Among the most important of the structure

factor relations is the formula

I ^h:^h.^h3 I

CO^ Ki + <^h. + '^J

Ar3/2

((|^J^-l)(IWkl^-l)

(3.3)

0%+h.+kl'- ^^k+ mi

(K\' + K.} + 1 hs

N'

2) +

where e = 8 or 2 depending upon whether the space

group is or is not centrosymmetric, and in which it

has been assumed that hi + h2 + hs = so that

<phi + <ph2 + <ph3 is a structure invariant.^' ^s- 28,

29, 30 j^ ig iQ \)Q noted that in the centrosymmetric

space groups (fh = or tt so that the values of the

structure invariants are also or tt and (3.3) yields

not merely the magnitudes but also the values of

the structure invariants. This is in accord with the

fact that the problem of selecting an enantiomorph

does not arise in the centrosymmetric space groups

(for which the enantiomorphous pairs coincide)

and is in contrast with the case of the noncentro-

symmetric space groups for which, in general, only

the magnitudes of the structure invariants

iph^ + <Pho + <Ph3

are determined by (3.3). The importance of (3.3)

is that it expresses the magnitudes of the structure

invariants (2.2) directly in terms of the known
magnitudes,

|
eh |, of the quasi-normalized struc-

ture factors, so that no previous knowledge of

phase is required. However, in addition to the re-

strictions previously mentioned, this formula is

further limited by the occurrence of the coefficient

JSf^l^/e, which is large if N is large. This means that

the average in (3.3) must be computed with high

accuracy if the formula is to be useful in practice,

which in turn may require the collection of an

excessively large number of magnitudes
|
eh |.

Recent experience indicates that (3.3) will proba-

bly be useful for centrosymmetric structures.

However, owing to the various restrictions in-

herent in this formula, the application of (3.3) to

the noncentrosymmetric structures will not, with-

out further modification, be likely to succeed.

The formula^i' ^2

Ari/2(,
k"h-k/k (3.4)

owes its importance to the small coefficient N^'^

which appears therein, so that relatively few terms

are needed to compute the average in (3.4) w^ith

sufficient accuracy. Its chief limitation is that it

requires a previous knowledge of phases before

additional phases can be obtained. In practice

therefore, it too has been found to be useful only

in the centrosymmetric space groups (or for those

structures having centrosymmetric projections).

The attempt to solve the system of equations (3.4)

by machine methods has had some success in two

dimensions. ^^"^^ The method appears to be suffi-

ciently time consuming, however, that the full

three-dimensional application will have to await

the advent of the next generation of computers,

except possibl}^ for the simpler structures.

Among the innumerable space group dependent

formulas to be found in the literature, "'• ^^'^^ only a

few of the simpler, typical ones are listed here:

ise,,o2l - S ((-D^+HeL^ - DX, (3.5)

P2 /a • \
'

\se.,A-o -S ((-D^^^eL - l))>,.l, (3.6)

7^222: sea2t2i ^ « ( | ehH \- - l)/.

,

(3.7)

P2,2,2i:.seo.A-.r-s((-l)^+K|6AA-i|^ - l))h, (3.8)

P'^:se.^^s{e.^{el^-l))^, (3.9)

where s means "sign of" and ^ means "probably

is" (so that the formulas have a probable validity

even in the case of dissimilar atoms). However, for

the case of identical point atoms, there exist alge-

braic analogs having exact validity, provided that

no rational dependence is present. We observe

that (3.5) to (3.8) require a knowledge of magni-

tudes only while (3.9) requires also a previous

knowledge of some phases. It should be noted that

the simple formulas (3.4) to (3.9) have already

proved useful in the determination of several

structures.2^- 49-54

The Vector-Interaction Formula. Equation

(3.3) expresses the magnitudes of the structure

invariants (2.2) in terms of the magnitudes of the

structure factors. Since the Patterson function is

the Fourier transform of the structure factor

magnitudes and therefore contains the same in-

formation as the latter, it is perhaps to be expected

that an expression exists relating the magnitudes

of the structure invariants (2.2) directly to the

Patterson map. It is the purpose of the present

section to describe just such a relationship, the

so-called vector-interaction formula.

Instead of (1.3) the modified Patterson function,

p(r) = ((le^!^ - 1) cos27rh-r)j^, (4.1)

is used. Since only the magnitudes
|
eh

|

are needed

to compute (4.1), P(r) may be assumed to be

known. If Zj is the atomic number of the jth atom

and an is defined by means of
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N
= E Zf

i=i
(4.2)

where N is the number of atoms in the unit cell,

then the vector-interaction formula^^ may be

written

3/2
0-2

2)

+ >^Z {P(r)F(r')P(r + r')}^/^X
r,r'

{cos 27r(hiT — h2-r0 + cos27r(h2T — hi-r')

+ cos27r(h2-r-h3-rO + cos27r(h3-r - ha-r') (4.3)

+ COs27r(h3T — hi-rO + cos27r(hi-r — hs-r')

}

where the double sum in (4.3) is extended over all

Patterson peaks r, r' of (4.1) such that r + r' is

also a Patterson peak. In (4.3) it is assumed as

usual that hi + h2 + hs = so that

is a structure invariant. In the case of no overlap

of Patterson peaks, (4.3) has unrestricted validity

even for structures with dissimilar atoms. If, on

the other hand, Patterson peaks do overlap (in-

dicative of rational dependence among the atomic

coordinates) then (at least for the case of N
identical point atoms) (4.3) is to be modified in a

known way.^^ For a further discussion of the prac-

tical aspects of (4.3) reference must be made to

the literature. In any event it appears likely that,

for the successful application of this method, a

minimal requirement is the possession of a Patter-

son map (4.1) of good quality, i.e., the collection

of a large number of structure factor magnitudes

I

eh |. The essential validity of the method, how-
ever, appears not to be affected by the limitations

inherent in the equations of the preceding section.

It should be noted here that the vector-interac-

tion formula is related to the superposition or vec-

tor shift method^^' ^^ for interpreting the Patter-

son map. The latter attempts to obtain the

structure directly from the Patterson function.

The method described here, on the other hand,

would first employ the Patterson map to yield the

values of the phases via the structure invariants,

and then use (1.1) to obtain the structure.

Other Methods. We conclude with a brief ac-

count of two methods of phase determination

which, although depending for their successful

application on some special feature of the struc-

ture, are very powerful when the conditions for

their validity are met.

The Heavy Atom Method. For its successful

application the heavy atom method requires that

the structure consist of a small number of atoms of

high atomic number (e.g., iodine, bromine, cobalt)

and a large number of lighter atoms (e.g., carbon,

oxygen). It is assumed that the heav}' atom sub-

structure has already been found (a relatively easy

task by almost any method, e.g., via the Patterson

function [1.3]). Denoting by F, Fh , and Fl the

structure factor corresponding to the total struc-

ture, the heavy atom substructure, and the light

atom substructure respectively, we obtain

Fh + Fl (5.1)

Under the given assumptions, Fh is, in general, the

major contributor to F in (5.1) so that the phase

of F is, to a first approximation, the (known)

phase of Fh . Since the magnitudes
|
F

\
are known,

(1.1) may be used to obtain a first trial structure.

Standard techniques may then be employed to

refine this preliminary structure.

The isomorphous replacement method J'^'^^

The application of the isomorphous replacement

method requires, in addition to the given struc-

ture S, the isomorphous structure Sh obtained

from S by the addition of a heavy atom. It is as-

sumed, as stated previously, that the position of

the heavy atom has been found. Denoting by F
Fl , and Fh the structure factor corresponding to

>S, the heavy atom alone, and Sh respectively, we
have

Fh = F + Fl (5.2).

in which only the magnitudes of the Fh and F are

known but both the magnitudes and phases of the

Fl are obtainable from the known position of the

heavy atom. The method is most easily clarified

by means of a simple geometric construction. A
fixed reference direction is established and the

known vector —Fi is drawn. Next, two circles are

described, one with center at the origin and radius

I

F
I

and the second with center at the terminus

of — Fl and radius
\ Fh \- Their intersections yield,

in view of (5.2), two possible positions for the

terminus of the vector F, and therefore two possi-

ble values for the phase ^ of F. In order to resolve

the ambiguity a second heavy atom derivative is

employed. The use of several heavy atom deriva-

tives is recommended in order to improve the ac-

curacy of the phase determination. The method
has been successfully employed to elucidate the

extremely complex myoglobin and hemoglobin

structures. ^2-67
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PHASE PROBLEM. See Alkaloid Structures.

PHASE TRANSFORMATIONS. See Martensitic Phase Trans-

formations.

PHASES, ALLOY. See Alloys (Copper-Gold); Amalgar

Dental.

PHASES, NONMETALLIC CHEMICALLY EXTRACTED, DIF-

FRACTION ANALYSIS*

The identification of nonmetallic phases occur-

ring in metallic matrices is one of the more diffi-

cult problems in metallurgy. The occurrence and

identification of these phases, unfortunatel.y, can-

not always be predicted from known phase rela-

tionships, particularly in light of the limited knowl-

edge available on multicomponent systems. The

extensive work conducted in recent years in dis-

persion hardening, gettering, and internal oxi-

dation has served to show the inadequacies of

standard methods of analysis. Separation of the

nonmetallic phases from the matrix by chemical

extraction with subsequent X-ray diffraction and

spectroscopic analysis of the residue allows defini-

tion of the nonmetalUc phases without the prob-

lems associated with analysis of bulk samples.

The problems encountered with analysis of bulk

samples fall generally into five categories: (1) the

most obvious problem of the existence of in-

sufficient volume of the nonmetallic phase to

achieve definable peaks, (2) peak coincidence be-

tween the metalUc matrix and the nonmetallic

phase, (3) the existence within the matrix of non-

metaUic phases which cannot be synthesized inde-

pendent of the matrix, (4) the formation of phases

which cannot be anticipated on the basis of

known chemical and thermodynamic data and (5)

presence of two or more nonmetallic phases, one or

more of which cannot be discerned in the bulk sam-

ple. When these conditions exist, X-ray diffraction

studies of the nonmetalKc phases can most suc-

* Presented at Diffraction Symposium, Cleve-

land, Ohio, June 21, 1962.
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cessfully be accomplished by separating these

phases from the metalhc matrix.

The authors have successfully used a chemical

extraction technique to study nonmetallic phases

occurring in various columbium alloys. In one

study of alloy carbide dispersions in columbium,

X-ray diffraction of the bulk samples could ade-

quately identify the carbides present, but it was

only by studying the chemically extracted residues

that an oxygen gettering effect of one of the alloy

additions was discovered. This gettering of oxygen

had marked effects on the properties of the mate-

rial.

In another study, X-ray diffraction work on ex-

traction residues of Cb-Zr alloys showed evidence

of a double oxygen gettering effect producing two

distinct oxides. In the bulk sample, the X-ray dif-

fraction lines produced by one of these oxides was

masked by the Kj3 lines of the columbium matrix.

Therefore, only by use of an extraction technique

were these two oxides separated by X-ray diffrac-

tion.

In work on a columbium alloy containing 10

per cent Ti and 10 per cent Mo, X-ray diffraction

was carried out to study the nature of the sub-scale

formed during oxidation of the alloy. At least two

non-metallic phases were found to be present

in the alloy. By using chemical extraction tech-

niques, the phase responsible for the formation of

the subscale was identified as TiO and its mode of

formation into platelets was demonstrated.

These studies outlined above, as well as others

where extraction techniques were not as successful,

demonstrated some of the advantages and limita-

tions of the chemical extraction techniques for ob-

taining samples of nonmetallic phases for study

by X-ray diffraction.

R. H. HiLTZ AND D. P. Laverty

PHOSPHATES, IDENTIFICATION AND ANALYSIS. See Quan-

titative Analysis of Mixtures by a Recording Powder
Diffractometer.

PHOSPHENES, X-RAY AND RADIUM

The X-ray Phosphene. Shortly after the dis-

covery of X-rays the question was raised whether

or not X-rays may be able to produce a "phos-

phene," which means an illuminous impression of

the retina.^ The reason for this assumption was

the logical speculation that X-rays, like light af-

fecting the photographic plate, might also, like

Hght, affect the visual system. The following years

brought many experiments, partly positive, partly

negative in their answers, and it was not until 1902

that the existence of the phosphene was proven,

accepted, and occasionally used for certain studies

and measurements on the eye. With its rediscovery

in 1932, use was made on a broad scale of this phe-

nomenon, for instance, for testing of the function

of the retina, location of foreign bodies within the

eye, measurements of the diameters of living hu-

man eyes in situ, determination of the total re-

fraction power of the eye, etc.^' ^' ^

The phosphene has been described as a homo-
geneous luminous glow filling the entire visual

field with a green opalescence by Bossalino,* as a

diffuse bluish-green according to Godfrey, Schenck,

and Silcox,^ and as a desaturated yellow-green by

NewelP and as a white glow by Denier.' Its ap-

pearance depends on the quality and quantity of

the X-rays. Pape and Zakovsky^ in 1954 reported

for X-rays of 71 kv and 2 ma a blue-green phos-

phene; Bellucci'' for about 4 ma tube current a

blue, for medium currents, a uniform yellow-green,

and for high currents (about 80 ma) a yellow color.

The brightness changed with increasing voltage

and increasing tube current.

Stimulus intensity threshold values were re-

ported first by Newell and Barley," who found

that for an area of 1 mm square in the retina the

threshold varied from 0.5 to 1.4 r/min in normal

subjects; Bornschein, Pape and Zakovsky^^ in

1953 found threshold values in normal subjects to

vary from 1.6 to 8.7 mr/sec. In all experiments it

was established that the eye had to be dark

adapted before X-rays could be seen. The times

of dark adaptation necessary to sense X-rays

varied greatly among 100 normal subjects; only a

few saw X-rays immediately on entering the dark.

Newell and Borley, determining the time course

of the drop in the threshold visible X-ray intensity

during dark adaptation, found it similar to the

course of the light threshold.

The mechanism of the phenomenon is not yet

fully understood. Early it was established that the

site of action must be next to or in the retina. In

any case it was speculated that the absorbed X-ray

energy must act on the cells of the visual system,

either by a direct or an indirect action on the light-

sensitive units in the retina. In the latter case, a

transfer of energy to the light recording cells must

occur. Therefore, for many years, the discussions

and the experimental approaches concentrated on

fluorescence of the retina by X-ray, as well as on

a possible bleaching of visual purple. The experi-

ments dealing with these studies are quite stimu-

lating and make interesting reading. Lipetz,^" in

1953-55, made proper experimental studies to test

the hypothesis that a direct action of the X-rays

on the photochemical system of the rods and the

cones is responsible for the X-ray phosphene. In

these experiments the phosphene could be detected

objectively by stud^ang the response of single

retinal ganglion cells of the in situ frog retina to

light and to X-rays. Also mentioned was a ''fa-

tiguing" effect (injurious action of X-raj^s) ; X-rays

producing, in contrast to light, a drop in the

ganglion cell action potential. The threshold re-

sponse was dose dependent. To produce bleaching

of visual purple in the frog retina requires, ac-

cording to Lipetz, X-ray doses of 10^ r above

threshold and high energy particles in doses of

more than 10^ r.

There are effects of X-rays on the visual system

other than the phosphene. Thus, Kektcheev^^ re-

ported that X-irradiation of parts of the body

produces a drop in the human absolute threshold

for light for several subsequent days. However,

confirmation of this interesting—and in connection
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with the question whether or not man can sense

X-rays—important finding, has still to come.

The Radium Phosphene. The ability of strong

radium preparations to produce luminous im-

pressions in the eye—"phosphene"—when brought

close to it, was observed and demonstrated by

many investigators between 1899 and 1904. How-

ever, it v/as not until 1933 that a detailed study

on the electrical response of the frog eye to radium

rays was published by Thier." The light sensation

caused by radium radiation has been described as

a diffuse general glow, filling a bright space with

an apparently concave or convex surface. The

color impression is called "sea green" by Greeff'^

and is "greenish" according to Failla.^*' It is con-

tributed to the fluorescence produced by beta rays,

as well as gamma rays when hitting the eye. Also

here, the sensitivity of the eye to radium radiation

increases with dark adaptation as observed with

X-rays. Discussions about the mechanism of the

phenomenon involved the role of the brain, the

role of the optic nerve, influence of damage, and of

blindness, and led to the conclusion that the ra-

dium phosphene could be perceived only when the

eye was capable of perceiving fight and had intact

some retina and the central visual pathway. These

intact parts of the eye are capable of detecting the

fluorescence produced by radium radiation; a

strong fluorescence in the case of beta radiation, a

weak fluorescence in the case of gamma radia-

tion. The fluorescence in its turn causes the sensa-

tion of fight, in the case of the beta radiation by

an indirect effect, in the case of the gamma radia-

tion by a direct effect on the retina. The beta rays

produce the fluorescence of those parts of the eye

to which they can penetrate and this fluorescence

excites the retina; gamma rays with their high

penetrating power—producing a noticeable fluo-

rescence practically in any part of the eye—cause

the fight impression, as in the case of X-rays, by

interfering with the photochemical systems in the

rods and cones.

In connection with the phosphene phenomena
some recent studies on the abifity of certain spe-

cies to sense X-rays become of interest. Hug^'

could demonstrate instantaneous reactions of in-

vertebrates to small doses of ionizing radiations,

among others in snails (Helix pomatia, Helicella

candidans, Arion empiricorium) and Krebs^^ re-

ported interesting immediate reactions of the red-

eared turtle (Pseudemys scripta elegans) to X-
irradiation. Lipetz^- has carefully reviewed the

literature and has reported detailed studies on

possible mechanisms involved in the sensing of

X-rays. Also, Kimmeldorf and co-workers^^ have

reported interesting taste avoidance reactions. It

appears, activity, especially from the Russian lit-

erature, that the central nervous system is actively

involved in the responses. It was possible, as men-
tioned by Bacq and Alexander,^" to demonstrate,

with the use of accurate physiological criteria,

very fast reactions of different physiological sys-

tems and functions to small doses of ionizing radia-

tions. An interesting concept was brought up by

Hug who raised the question whether or not

higher species once possessed the ability to sense
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high energy radiations, an ability which may have

gotten lost in the phylogeny of the species. Ex-

periments underway with isolated organ and tis-

sue systems' appear to be in favor of this hy-

pothesis.
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PHOSPHOR INDUSTRY AND X-RAY DIFFRACTION ANAL-

YSIS

This article is primarily concerned with the use

of X-ray techniques for the study of chemicals

used in the phosphor industries. Lamp phosphors,

cathode-ray (television) phosphors and certain

speciafized phosphors are included.

Lamp phosphors are used in the manufacture of
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fluorescent lamps, currently the most economical

artificial lighting device known. The fluorescent

lamp industry, almost nonexistent in the early

1940's, has grown to major proportions. In high-

pressure mercury vapor lamps, the illumination

is due primarily to mercury vapor emission al-

though red color-correcting phosphors are some-

times used to improve color rendition. In low-

pressure mercury vapor lamps, most of the useful

illumination arises from the phosphor coating.

Fluorescent lamps consist of an end-sealed glass

tube which is coated internally with an inorganic

crystalline powder (phosphor). The tube contains

heated end-cathodes, a small amount of inert gas

(usually argon), and mercury vapor. The phosphor

is excited by the ultraviolet light emitted from

mercury vapor, which has become excited in the

electron discharge.

Most phosphors can be described in terms of the

energy band model with valence and conduction

bands, and with locahzed energy levels in the

forbidden region between the bands. Impurities

that provide levels which permit radiative transi-

tions are called activators.* The "activator center"

may involve localized states of the host lattice

(host-sensitization) or it may only involve the

energy levels of the activator, perturbed by the

crystal field. The first lamps of commercial im-

portance^ utihzing phosphors are shown in Table 1.

The emission colors are indicated in parentheses.

The basic material was zinc beryllium silicate

which was mixed with a blue phosphor to give a

"white" emitting blend.

The main component used today in fluorescent

lamps is the efficient phosphor, calcium halophos-

phate, CaaorF,Cl)2(P04)6:Sb:Mn, from which

emission close to the Daylight, Cool White, White,

or Warm White colorst are easily obtained by

formulation changes. These changes involve pri-

marily the activator manganese and the sensitizer

antimony. Figure 1 shows the emission spectrum

of several calcium halophosphate phosphors. The
broad trend of improvement in the lamp industry

is illustrated by the lamp performance data given

in Fig. 2.

The production of cathode-ray tubes, an in-

dustry of very modest importance before 1940,

expanded greatly due to radar applications during

World War II. The subsequent development of

commercial television provided further impetus

for growth to the present large size of the industry.

Color television and electroluminescent devices

will probably encourage further expansion.

Electronic materials used in cathode-ray tubes

are primarily zinc and cadmium sulfide and sele-

nide phosphors. These phosphors are the most

efficient cathode-ray phosphors known. Sulfide

phosphors are used to form a screen on the face-

plate of the television tube and the screen is used

to convert information from a scanning, modu-

* The activator is indicated by a colon and the

appropriate chemical symbol after the formula of

the phosphor. See Table 1.

t These colors range from bluish-white to red-

dish-white.

PHOSPHORS

Table I. Lamp Phosphors in Use Prior to 1947.

ZnBeSi04:Mn* (orange CaW04:Pb* (blue)

to vellowO

CaW04 (deep blue) BaSiOsiPb* (ultra-

violet)

Zn2Si04:Mn* (green) MgW04 (blue-white)

Cd3B40c,:Mn* (red) CdSiOsiMn* (orange)

lated, electron beam into visible light to form a

picture every %o of a second.

Zinc and cadmium sulfide phosphors have been

known for over a hundred years. They can be

excited to fluorescence by a wide variety of energy

sources, and the duration of phosphorescence can

be controlled by changes in preparation techniques.

The variety of phosphors based on ZnS and ZnS-

CdS combinations can be appreciated by a study

of the data of Table 2, in which the various types

of cathode-ray phosphors, their properties and

uses in cathode-ray tubes are shown. The list is

hmited almost entirely to sulfide mixtures, except

for those used because of special properties such as

long or short decay. Note that activation in the

cathode-ray phosphors is restricted at present to

Cu, Ag and Mn (and the coactivators CI and Br).

Electroluminescent phosphors are prepared from

ZnS, CdS, ZnSe, and CdSe, with the activators,

Cu, Cu + Mn, and the co-activators CI and Br,

plus combinations thereof.

In scintillation crystals, a-rays produce very

short tracks of dense ionization and excitation,

jQ-rays give longer tracks and gamma ra^^s act at

widely separated points. Because of their high

density, large transparent alkali-halide scintillator

crystals are the most efficient device for detecting

gamma rays and X-rays. For the same reason, they

are very inefficient detectors of a- and /3-particles

which cannot penetrate far enough into the crystal.

NaI:Tl is the most common inorganic scintilla-

tion detector for gamma rays; CsI:Tl has found

some application because of higher density, high

photopeaks and thus a high signal-to-background

ratio but its efficiency is only half that of NaI:Tl.

Powders such as ZnS:Ag are very efficient de-

tectors for a-particles because of high energy re-

sponse, high stopping power, and high efficiency of

conversion. It is emploj'ed as a thin screen in sur-

vev instruments. Other materials which have been

employed, include CaWO* , CdWO^ , NaCl:Ag
ancl ZnS:Cu. CaWO^ and ZnS:Ag are well-known

phosphors used on X-ray intensifj'ing screens.

Organic scintillators are used mainly for the de-

tection of low energy /3-particles. Clear crystals of

anthracene, stilbene, terphenyl, and naphthalene

are commonly employed. These crystals allow

penetration by moderate energy /3- and a-rays to

some extent.

Since 1960 much interest has been expressed in

the potentialities of light energv produced by a

device known as a 'laser' (for light amphfication

by stimulated emission of radiation). The device

emits a ver.v intense, well-collimated, coherent

beam of light and is potentialh' very useful.

Lasers consist of a powerful light source for ex-
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Fig. 2. Lamp brightness maintenance in 40 watt lamps, showing improvement in per-

formance, 1943-1960.

citation and a solid rod of the active material.

The sides of the rod are left clear to admit light

and the ends are optically polished plane-parallel

and coated to reflect light. One end is left par-

tially transmitting. The light from the source

excites some activator atoms which subsequently

emit. Because the transition is forbidden an ex-

cited-state population is built up. Light traveling

back and forth along the rod axis stimulates fur-

ther emission and a coherent, amplified wave re-

sults. An intense, coUimated, beam of monochro-
matic light is produced from the partially

transmitting end of the rod.

Laser beams of light can be projected over

great distances and will be useful in the field of

communications. Cutting and heating devices for

the biologist and surgeon may become invaluable.

Industrial uses such as drilling, cutting, welding,

heating small areas, and heating glass-enclosed ma-
terials are promising applications for lasers.

The most common laser in use today is ALOsiCr,

synthetic rubJ^ Various rare-earth activated alka-

line earth tungstates and molybdates and a few

other materials have also been made into lasers

successfully. It is likely that in the near future

many other materials will be found useful.

X-ray Methods. Crystals with different struc-

tures scatter X-rays differently. Since the scatter-

ing is characteristic of the material, this property

forms a basis for the identification of solids. X-ray
diffraction patterns may also be utilized to deter-

mine crystal structures. A knowledge of crystal

structure is vital to an understanding of the physi-

cal and chemical properties of a crystalline sub-

stance. In the manufacture of phosphors, X-ray
diffraction methods of identification and structure

determination have become indispensable.

Both Debye-Scherrer film techniques and counter

diffractometer methods may readily be applied to

identifying raw materials and following the course
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Table 2. Characteristics OF Cathode-Ray Phosphors.

Material

Emission
Use

Type
Color (m/x)

PI Zn2Si04:Mn yellow- ^reen 530 radar

P2 ZnS:Cu
ii 542 oscilloscope

'ZnS:Ag
\ZnCdS:Ag

f459\

\560/

/monochrome
ItelevisionP4 white

P5 CaW04 blue 416 photographic

/ZnS:Ag f459| monochrome
ItelevisionP6 \ZnCdS:Ag white

J565(

P7
/ZnS:Ag
\ZnCdS:Cu

<<

440\

1555] radar

PIO KCl black — dark trace screen

Pll ZnS:Ag blue 460 photographic

P12 ZnMgF3:Mn orange 590 radar

P13 MgSiOsiMn red orange 640
"

P14
'ZnS:Ag
\ZnCdS:Cu

white, then yellow f440\

1600/
a

P15 ZnO green 505 flying spot scanner

P16 CaMg(Si04)3:Ce purple 383

f450l

1555/P17
fZnO
\ZnCdS:Cii blue white

P19 KMgFsiMn orange 592 radar

P20 ZnCdS:Ag yellow 560 television

P21 MgF2:Mn orange 608 radar

fZn3(P04)2:Mn red 6351

520 1^

("color

P22 |ZnoSi04:Mn green < television

IZnS:Ag [blue 450

jZnS:Ag white /460\ monochrome
P23 \ZnCdS:Ag

a
1570]

' television

P24 ZnO:Zn green '
_^ 510 flying spot scanner

P25 CaSiOsiPbrMn orange 615 radar

P26 ZnFsiMn
i( 595

"

P27 Zn3(P04)2:Mn red orange 635 color television

P28 ZnS:Ag:Cu yellow green 550 radar

P29
fZnSrCu
\CaSi03:Pb:Mn

J
green

orange

|542l

1615/

cathode ray

indicators

of the reactions involved throughout the prepara-

tion of the phosphor. Each technique has advan-

tages and some disadvantages. Where only small

samples are available, such as in the investigation

of side reactions, the film technique is preferred.

Long film exposures frequently will reveal traces

of minor components which may never be regis-

tered even with slow diffractometer scans. In the

estimation of crystalline sizes above 1000A, the

film technique is much superior and is very useful

when examining mixtures of materials, some of

which may be of large crystallite size and some

small. Materials made up of extremely small crys-

talhtes will give diffuse, broad, diffractometer

peaks while the same material by Debye-Scherrer

camera will give clearer diffraction lines. This

may be important if the material is a minor com-

ponent. In addition, the film provides a conveni-

ent and complete record for future reference. The

chief disadvantage of the Debye-Scherrer camera

is the difficulty in rapidly obtaining accurate in-

tensity and 2e (or d-) values. Resolving closely

spaced lines, particularly at low scattering angles,

is more difficult by film methods although crystal

monochromators and speciaHzed cameras (partic-

ularly of the Guinier type) may be helpful.

Counter diffractometers offer several advantages

over film methods. Speed, accuracy (for angular

and intensity measurement), suitableness for most

crystalHte size measurements and quantitative

analysis are the principle advantages. Disadvan-

tages include the increased possibility of missing

minor components, the loss of detail when exam-

ining mixtures of different components having

different crystallite sizes, and the inabihty to

measure crystallite sizes above lOOOA. The coun-

ter-diffractometer method of recording Debye-

Scherrer powder patterns has become an excellent

and rapid means of following complex reactions.

Small samples may be dusted on a glass sHde and

examined with only a slight loss in accuracy com-

pared to information gained from more conven-

tional sample loading. Major and even minor

components can be identified and their relative

abundance estimated within a few minutes^ by

scanning a relatively small 2d region (e.g., 20'' to

35°, corresponding to a d-value of 4.4A to 2.6A,

CuKa radiation). This will usually contain enough
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information to unambiguously identify most ma-
terials—at least after some preliminary work has

established their patterns. Chart drives and count-

ing circuits now available allow a scanning rate as

high as 1 or 2° 26 per minute to be displayed on
charts operating at a fraction of an inch to sev-

eral inches per minute. In this manner, so long as

the recorder response time is rapid, accurate in-

formation may be obtained in a remarkably short

time. For high-precision intensity work, slow

scanning rates or even point-by-point (i.e., step-

scanning) may be required.

There are three types of counters and asso-

ciated electronic equipment employed. The Geiger
counter with its rugged construction, simple am-
plifier and counting circuit offers the additional

attraction of modest cost. For high precision (es-

pecially at high and low counting rates) the slow
resolving time and relatively high background
count are limitations of the Geiger counter. Scin-

tillation counters may overcome these difficulties,

particularly if "hard" radiation (e.g., silver or

molybdenum) is available, since very high count-
ing rates and pulse-height discriminating circuits

can be used. Proportional counters offer these

same advantages, though in this case "soft" radia-

tion (e.g., chromium, copper, etc.) is necessary.

High-temperature Debye-Scherrer t3'pe cameras
and heating attachments for diffractometer heads
are available. This equipment is helpful in follow-

ing the course of reactions although quenching the

components to room temperature will usualh' al-

low the use of more convenient equipment.
Many laboratories are beginning to devote con-

siderable effort towards the structural investiga-

tion of phosphors. Semitheoretical and theoretical

approaches based upon accurate structural knowl-
edge are becoming increasingly necessary in order
to explain luminescent processes.

Debye-Scherrer cameras and particularly coun-
ter diffractometers have some, though hmited, use-

fulness for structure determinations. Very simple
structures may occasionally be determined. A fur-

ther application of powder data is the derivation
of structures of materials with known chemical
similarities. For instance, if the structure of one
of a series of possible isomorphs has been deter-
mined and if powder patterns of the series are

similar, it is often possible to use these data to infer

the structures of the other materials. One final

point should be mentioned regarding powder pat-
terns, namely, that the accurate d-values obtain-
able from film or diffractometer data are useful
for cell parameter refinements even though more
powerful methods must be used for the complete
structural determination.

Structural analysis with single-crystal cameras
may be divided into two stages : the first is the de-
termination of the dimensions of the unit cell ; and
the second is the determination of the positions of

the atoms in the cell. In the determination of the
cell dimensions only the positions of the diffracted

X-ray beams must be considered. (This accounts
for the usefulness of the powder method.) Unit cell

determinations are conveniently carried out with
rotational cameras. Weissenberg and Buerger pre-

cession cameras are also applied to these measure-
ments and possess the additional advantage of

being suitable for much more difficult structure

anah'ses.

Complete structure determinations of atomic

positions are only practical using Weissenberg or

Buerger precession cameras. It is difficult to assess

the relative usefulness of the two methods in

terms of their apphcation to phosphors. In both

methods the "three-dimensionalit}^" of the crj^stal

lattice is derived by recording a set of reflections,

e.g., hkQ, in such a way that each point corres-

ponds to a single value of h and a single value of

k. Hence the intensity of the diffracted beam is

much easier (in principle) to relate to the atomic
arrangement causing it. The Weissenberg tech-

nique is perhaps more widely used since it is the

older method. However, the Buerger precession

method gives simpler and more easily interpreted

photographs since it gives a "direct" photograph

of the reciprocal lattice. The advantage of the

Weissenberg method is the larger scattering angle

recorded obviating the need for a lare:e number of

photographs.

Geiger, proportional and scintillation counters

have been applied to single crystal work utilizing

the complex motions of the Weissenberg and
Buerger methods. For preliminary work the film

technique offers distinct advantages. However, for

the more accurate intensity data required for re-

fined structural studies, counter techniques possess

many advantages.

Before continuing to the next section, several

auxiliaiy methods useful for studying phosphor
S3'stems should be mentioned. Besides chemical

analysis these include spectrographic, infrared,

thermogravimetric, and differential thermal analy-

sis.

The utihty of the emission spectrographic

method and its application to the determination

of trace impurities need hardly be mentioned.

Somewhat less well-known, the X-ray spectro-

graphic method is particularly well suited to phos-

phors since the matrices are difficult to treat by
conventional chemical means. Though more read-

il3'' applied to the quantitative and qualitative

analysis of activators, it has also proven useful to

determine the stoichiometry of phosphors.

The infrared absorption method has proven use-

ful to determine the molecular grouping(s) pres-

ent in a phosphor. This technique is particularly

useful where the exact X-ray structure has not

been established and where it is difficult to dis-

tinguish between molecular groupings, such as

SioOs , SiOa and SiO* , by X-ray techniques.

Differential thermal and thermogravimetric

analysis measure changes in thermal behavior. In-

formation obtained from such studies can be ex-

tremely helpful in following phase changes and
reaction mechanisms but only in conjunction with

X-ray studies.

Applications to Phosphors. Powder methods
are used for the identification of raw materials

and firing products, the study of solid state reac-

tion mechanisms, crystallite size measurements,
some structural studies and in the refinement of
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lattice parameter measurements. Single-crystal

techniques are being applied to gain a more fun-

damental knowledge of the luminescent mecha-

nisms involved.

A study of the stoichiometry of the solid-state

reactions and correlation of phase changes is nec-

essary to determine the nature of the luminescent

product. A study of the reaction mechanism is ex-

tremely useful in making modifications to improve

the product. The results from powder diffraction

analysis are often the final criterion in judging the

steps necessary to obtain a useful phosphor,

through a study of phase changes. In the case of

calcium halophosphate phosphors, major starting

materials are prepared by precipitation to obtain

a specific product. However other precipitates may
be formed either as contaminants or as a major

undesired product. X-ray methods give both qual-

itative and quantitative analyses of the precipi-

tated product.

The precipitation of the raw material, CaHP04

,

and possible contaminants are illustrated by the

following reactions

:

-> CaHPOi (usually desired)

^ CaHP04-2H20
Ca^^ + HPOr- -^ Caxo(OH).o(P04)r,

-^ Ca(H2P04)2-H20
^ Ca4H(P04)3-2H20

The over-all firing reaction to form the phosphor

is represented by

:

6CaHP04
SCaCOs
CaFs
NH4CI
MnCOa
SbsOa

Ca4o(F,Cl)2(P04)6:Sb:Mn

Several preliminary intermediates and by-prod-

ucts may be formed depending on temperature

and time cycle. For example, it is known" that

the following reactions may occur during the halo-

phosphate synthesis

:

2CaHP04 -> Ca^P^OT + H2O

CaCOa + 2CaHP04 ^ Ca3(P04)2 + H2O + CO2

Ca^PoOv + SSbsOs + 02^ 2CaSb206 + 2SbP04

6Ca2P207 + 3CaF2 -^ 5Ca3(P04)2 + 2POF3

18Ca2P20v + 14CaF2 ^ 5CaaoF2(P04)c + 6POF3

4CaF2 + 3Sb203 + 02-^ Ca4Sb40nF2 + 2Sbr3

MnCOs + Sb203 + 02^ MnSb20c + CO2

3Ca3(P04)2 + NH4CI -^ CaioCl2(P04)c + NH3

3Ca3(P04)2 + CaF2 ^ CaioF2(P04)6

CaC03 + Ca2P207 ^ Ca3(P04)2 + CO2

Sb203 + 6NH4CI ^ 2SbCl3 + 6XH3 + 3H2O

etc.

In order to obtain the desired apatite phosphor,

the ratios of reacting components must be closely

controlled. Identification of intermediates of solid-

state reactions may be accomplished by the use

of X-ray diffraction coupled with examination of

the weight losses incurred (thermogravimetric

analysis) and the thermal changes observed (dif-

ferential thermal analysis) when a decomposition

or a phase change occurs.

Complex reactions are also typical for the other

commonly employed phosphors such as those in-

volving the combination of alkaline earth oxides

with acidic oxides (with simultaneous incorpora-

tion of activator), e.g.:

2ZnO + Si02 -> ZnoSiO*

Changes in ratio may produce ZnSi03 , Zn2Si04

,

etc., or mixtures containing ZnO or Si02 . A dif-

ferent type of reaction involving the preparation

of strontium pyrophosphate, is

:

Sr(H2P04)2 + SrC03 ^ Sr2P207 + CO2 + 2H2O

2SrHP04 ^ Sr2P207 + H2O

2Sr3(P04)2 + 2(NH4)2HP04 ^

3Sr2P207 + 4XH3 + 3H2O

In spite of the rather simple reactions shown, the

actual reaction paths are not simple nor do they

resemble each other. The products obtained may

be primarily Sr2P207 , but only the reactant,

SrIIP04 , is likely to give the pure pyrophosphate

uncontaminated by other phosphate forms.

These and other reactions give rise to a wide

diversity of materials which are useful for color-

correcting phosphors. Some of these are shown in

Table 3. These phosphors emit in rather broad

bands covering the visible and near ultraviolet

spectrum. Some of the emission bands are illus-

trated in Fig. 3. In order to develop methods for

manufacturing efficient phosphors for fluorescent-

lamp color blends, the identification of the vari-

ous crystal systems by X-ray methods has been

found very useful. The process of obtaining new

lamp phosphors may be divided into three parts:

one, the discovery of a new fluorescent system;

two, evaluation of its commercial potential by

comparison to similar commercial phosphors in

use; and, three, the development of methods of

manufacture. X-ray methods are invaluable in

each step. In step one, the pattern of the lumi-

nescent material is identified. In step two, the ef-

fect of various reactions on the luminescent prop-

erties is determined; and in step three, an

evaluation of the side-reaction products is neces-

sary in order to obtain the most efficient phosphor

possible. In conjunction with this investigation, it

is often advantageous to study related systems.

An excellent example of this is the investigation

of other apatites including the strontium and bar-

ium halophosphates. These materials give powder

patterns indicating that their structures are iso-

morphic with calcium fluoroapatite. With suitable

activators they may be made into useful phos-

phors.
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Table 3. Phosphors Used in Fluorescent Lamps (ca. 1962).

Matrix Structure Activator(s) Color Emission \{mn)

Caxo(F, C1)2(P04)6 Hexagonal Sb, Mn blue to white 488. 578

(Ca, Zn)3(P04)2 << Sn pink-white 610, 520, 385

(Sr, Mg)3(P04)2 « Sn pink 400, 630

MggFsGeaOu Unknown ^In deep red 5 lines

MgiiAs402i
" Mn a "

CaSiOs Triclinic Pb, Mn orange 335, 618

Cd3B409 Unknown Mn orange-red 628

CdioCl2(P04)6 Hexagonal Mn orange 589

Srio(F, C1)2(P04)6 Hexagonal Sb, Mn blue -green to yellow 485, 576

Zn2Si04 Rhombohedral Mn green 527

6-Ba2P207 Unknown TiO 2 blue -white 500

«-Sr2P207 Orthorhombic Sn blue 456

MgW04 Monoclinic - blue -white 485

CaW04 Tetragonal Pb deep blue 422

(Ca, Mg)W04 " Pb blue 440

BaSi205 Unknown Pb ultraviolet 355

(Ba, Sr)2(MgZn)Si207 Tetragonal Pb i( 368

MgsLieSbaOia Unknown Ti a 407

(Mg, Ba)2P207 a Sn a 400

100
BoSi^Oj Pb

(f,

a' r
\f.C.^l..'. Vr.

Mg3F,Ge,0„ ^'^

80
-

/

'

/
\/
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Fig. 3. Emission spectra of some commercial phosphors.

The fluorescence produced in a phosphor is a

function of the electron symmetry of the acti-

vator and the site-symmetry of the crystal in

which it finds itself. Specific correlations may be
made of coordination and structure. For example,
Mn^"^ in a tetrahedral coordination emits green

light, but the exact wavelength is affected by the

crystal structure. Thus Mg2Sn04:Mn is cubic

with a Xraax of 500 m/i, whereas Zn2Si04:Mn is

rhombohedral with a Xmax of 528 m/i. (See Fig. 3.)

Furthermore, Mn^"^ in an octahedral coordination

will give a yellow to red emission, depending upon
the chemical nature of the matrix.^ Precise cor-

relation requires a knowledge of the exact crystal

structure.

A further complication may arise if a given

compound exists in several crystalline forms, only

one of which gives a useful phosphor. An example
of such is Sr2P207 containing Sn^"^. In this case

7-Sr2P207:Sn is nonluminescent, i8-Sr2P207 : Sn
emits in the ultraviolet region, and a-Sr2P207:Sn

is a deep blue phosphor useful in fluorescent

lamps. In the case of isomorphic phosphors, where

the unit cell dimensions are similar, Vegard's law

may be used to establish a correlation between

composition and diffraction patterns (and fre-

quently phosphor properties). An example would

be i3-Ca2P207 and /3-Sr2P207 . These materials give

very similar diffraction patterns. The substitution

of Sr for Ca to give Ca2-2'Srj-P207 where re = to

2, may be followed by a regular shift in d-spacing.

For Sn^"" activation, a regular shift in emission

peak maj^ also be correlated to composition.

Structural studies and the theoretical treat-

ments of the luminescence process is still rather

primitive. Even the structure of calcium halo-

phosphate is not adequately known, although the

structure of calcium fluoroapatite has been fairly

well established.^ A part of this latter structure is

illustrated in Fig. 4. In this figure the phosphate

groupings, i.e., P04's, are not shown in quite their

proper orientation and are shown too small be-

cause of the complexities involved in representing

them. The distance of each atom above the base
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o

PO4 GROUPS
f NOT TO SCALE AND NOJ

AT PROPER ORIENTATION)

FLUORINE ATOM

^ Ca I

O Co n

Fig. 4. Structure of calcium fluoroapatite.

of the unit cell is printed within or beside the

atom, the coordinates for the fluorine atoms, for

instance, being (0,0,14) and (0,0,%). Note that

there are two unique positions for the calcium

atoms, one of which, called the Can position, in-

cludes a fluorine atom as a nearest neighbor while

the Cai position has no close fluorine neighbor.

The Cai site has trigonal symmetry while the Can
symmetry is approximately rhombic. Calcium

chloroapatite may have virtually the same struc-

ture but this has not been definitely established.

The chlorine atoms are thought to be at the (0,0,0)

and (0,0,1/2) positions rather than the (0,0,!4) and

(0,0,%) positions.

The questions that logically arise when con-

sidering calcium apatite structures for phosphor

uses thus pertain to the three types of lattice

sites. First, are the activators (Sb,Mn) substi-

tuted for calcium in the cation positions, Cai or

Can (or both), and will control of this lead to a

better phosphor? Second, where, precisely, are CI

and other "fluorine substituting" anions situated?

Third, what groups may be substituted for phos-

phate groups and other atoms? Relating lumines-

cent properties to composition and structure is

difficult, though progress is being made.

The luminescence mechanism of the alkali hal-

ide phosphors activated by various transition ions

has been widely studied.^ In this case the incorpo-

ration of an ion introduces an absorption band

due to that ion, and a characteristic emission band

of the ion. Luminescent decay and thermolumi-

nescence are other properties typical of the in-

corporated activator. The cubic crystal structure

of these compounds simplifies the theoretical cal-

culation necessary to define luminescent processes

adequately. The calculations made by Williams^

for KC1:T1 were the first where theory agreed

with experimental fact. Williams calculated the

absorption and emission spectra of the phosphor

starting only with the properties of the constitu-

PHOSPHORS

ent ions and assuming a relatively simple con-

figurational coordinate model for the luminescence

process. The assumption was made that KCl was

100 per cent ionic and that Tl^ was substituted for

K^. The radial charge densities of the ground and

excited states of T1+ were evaluated and the total

energy of the system calculated. The agreement

between calculation and experiment was remark-

able. Further work has shown that the assumption

that the activator occupies a cationic position is

valid.

X-ray diffraction structural studies have proven

very valuable as development and control meth-

ods in the sulfide phosphor field, and the sulfides

have been widely studied. The usual precipitated

form of zinc sulfide at room temperature is the

cubic or jQ-ZnS, commonly known as zinc blende

or sphalerite. At elevated temperatures (above

1000°C) this form is converted to the hexagonal

or a-ZnS, called wurtzite. Other materials such as

CdS, CdSe, ZnSe, or (Zn,Cd)S and Cd(S,Se)

have directly related structures. The identification

and estimation of various phases and impurities

by X-ray diffraction techniques would seem

straightforward, although this has not proven to

be the case. The close similarity of the two ZnS

structures is illustrated by the following series of

diagrams.

Figures 5a and 5b show a perspective view of a

cube and a view along the [111] axis. Note that

the cube appears very much like a hexagon (Fig.

5b). On the atomic scale the structures are also

closely related since the close packing of the cubic

(face centered) form of ZnS in the (111) plane is

the same as the hexagonal close packing of the

high-temperature form when viewed along the c

or [001] direction. Looking down the [HI] cubic

direction or the [001] hexagonal direction a layer

of zinc atoms would "close pack" the positions,

which will be called "A positions," as shown in

Fig. 6a. The next or B layer of atoms, actually a

S-Zn pair, would tend to slip into the "hollows"

above this layer, into the positions marked 5. (Of

course this B layer could fit into the unmarked, or

C positions, but a similar description would follow

with C and B interchanged.) Note the hexagonal

shape taken up as illustrated in Fig. 6b.

For the third layer of atoms (again a layer of

S-Zn pairs), a marked difference will result de-

pending upon whether the A or C "hollows" above

the B layer are filled. Since the A and B positions

have been specified, relative to one another, the

structure will differ depending upon whether the

5-a 6-b

Fig. 5. Perspective view of a cubic unit cell.
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6 -a 6-b

6-c 6-d

Fig. 6. Cubic and hexagonal close packing of spheres.

third layer is directly above the first layer or not.

If, as is shown in Figure 6c, the third layer takes

up the C position, then the cubic structure of ZnS
results with an ABCABCABC repetition along the

[111] direction. A simplification has been made in

Fig. 6 in that, for say the A laj^er, the Zn atoms
are not quite in contact. The Zn and S atoms are

of course tetrahedrally coordinated. If the A "hol-

lows" on the B layer above the original A positions

are taken by the third layer as shown in Fig. 6d,

then the seciuence ABABAB will result. This is

the hexagonal structure of ZnS.

The foregoing discussion provides a convenient

means of illustrating the two common forms of

ZnS and why X-ray structure methods have been

and will continue to be of prime importance.

Energetically, there is little difference between the

ABC (cubic) and the AB (hexagonal) sequence of

layering. It has also been found that other regu-

lar variations of these sequences occur such as

ABACABAC or ABCACBABCACB, etc., (as-

suming of course, a Zn-SZn-SZn-S layering). If

these "stacking faults," as they are termed, are of

large extent and regular, that is, if the microdo-
mains are ordered, they give rise to what has been
termed a polytype.* It has been found that the

firing step which produces efficient phosphors, also

produces a large number and varietv of stacking

faults. Even precipitated ZnS usually shows some
evidence for these stacking faults. For this reason,

estimation of crystallite size from line broadening

measurements in the ZnS system must be used

with caution. Crystal growing techniques and the

controlled introduction or elimination of stacking

faults are known to drastically affect phosphor

properties. The presence of stacking faults in

electroluminescent ZnS:Cu has been recognized

as one of the contributory prerequisites for the

occurrence of the electroluminescence phenom-
enon.^ However the exact mechanism has not

been satisfactorily established.

Counter diffractometers are most frequently

apphed to ZnS powder samples. High-tempera-

ture cameras and similar diffractometer attach-

ments have proved useful for powder samples also.

More refined investigations on pol.ytype crystals

are currently being carried out at man}^ labora-

tories. The birefringence banding observed on

polytype crystals, indicative of a change in stack-

ing sequence, is freciuently complex.^ To study

such crystals an X-ray beam smaller than the c-

dimension of the polytype area is required. In

addition, the beam position must be accurately

known. Film methods are used almost exclusively

on rotation cameras and Weissenberg and Buerger

precession cameras. Special slit systems for well-

colhmated X-ray beams may be constructed from

pairs of flat parallel plates, one of which is

grooved. Accurate goniometer movements must be

machined to allow a sample translation smaller

than the polytype area (of the order of a micron).

The results of a traverse of the crystal (involving

several photographs) are then correlated with

microscopic and luminescent examinations.

In sulfide phosphors lattice parameter measure-

ments have been utilized to estimate intentional

(and unintentional) lattice impurities such as Cd,

Se, O, and a few other elements. The identifica-

tion of the various phases such as the solid solu-

tion, (Zn,Cd)S, as opposed to the mixed phases

ZnS and CdS is of great importance. X-ray fluo-

rescence techniques may frequently be applied for

the quantitative and qualitative determination of

activators such as Ag, Cu, Mn and CI and Br.

Major components Zn, Cd, Se and even S may
be determined by this approach. For minor metal-

lic impurities, the emission spectrograph has been

of greater value for qualitative and quantitative

analysis. Other techniques such as differential

thermal analysis have been used to determine

thermal changes around a transition temperature.

The fact that the theoretical approach has been
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successful in understanding relatively simple struc-

tures is very encouraging. A better knowledge of

the structure of phosphor systems will undoubt-

edly lead to a better understanding of the more

complex luminescence phenomena, in both the

lamp and cathode-ray phosphor fields.
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PHOTOELECTRIC EFFECT. See Attenuation X-Ray.

PHOTOGRAPHIC EMULSION CRYSTALS. See Silver Halides.

PHOTOGRAPHIC FILM. See Film, X-Ray; DifFraction of

X-Rays: Detection and Measurement; Dosimetry: Photo-

graphic.

PHOTOSOMMATEUR, VON ELLER

This Nonius instrument is a calculating machine

for a two-dimensional Fourier series according to

Bragg's principle. The optical analogs of the terms

of the Fourier series are projected consecutively,

one over the other on the same photographic paper

or film. The density distribution of the developed

film represents the Fourier series in question (Fig.

1).

Principle of Operation

A light source projects a shadow of the cosine

pattern on the photographic paper. The image

consists of a certain number of parallel light and

dark bands, the number of which depends on the

distance between cosine grid and photographic

paper, which can be varied by turning knob (8).

Coupled to this motion is that of the "Plexi-

glas" block (7). The distance between the cross

marks and the center of the front plate of the

drum corresponds to the distance between the

cosine grid and the photographic paper. The in-

clination of the parallel Hght bands on the photo-

(4)

Fig. 1. (1) Linear light source.

Grid with cosine pattern.

Rotary drum containing film holder.

Phase knob.
(5) Exposure timer.

. .

(6) Front plate of drum (3) on which a drawing of the reciprocal lattice with in-

tensity readings can be fixed with tacks.

"Plexiglas" block with cross marks.
Cross marks positioning knob.

(1)

(2)

(3)

(4)

(7)

(8)
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Fig. 2. Illustrates the projection for 3,6-dichloro-l,2-4,5-dibeiizpentalene corresponding to

the structural formula.

graphic paper can be varied by turning the drum

(6), which is done by hand. The phase shift of

the cosine pattern is achieved by moving the grid

sidewards by turning knob (4).

Procedure

The cross marks set successively to each of the

reciprocal lattice drawing by rotating the drum and

turning knob (8). The exposure times are selected

according to the intensity indication on the draw-

ing.

As an example, Fig. 2 illustrates the projection

for 3,6-dichloro-l,2-4,5-dibenzpentalene corre-

sponding to the structural formula.
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PINHOLE CAMERAS. See Emission from X-Ray Tubes; Solar
X-Rays.

PLANT TUMORS. See Tumors in Plants: EfFect of Ionizing

Radiation.

PLANTS: EFFECTS OF X-RAYS AND GAMMA RAYS^

As for all substances, vegetable cells subjected

to irradiation by X-rays or gamma-rays are the

centers of a multitude of ionizations. Depending

on the biological specialization of the molecules

which are the victims of these ionizations, various

functions of the cells and of the tissues of the

plant will be disturbed.

Two large groups of modifications sustained by
irradiated plants are to be distinguished:

1. Somatic modifications, which interest only

the subject having been exposed to irradiation.

2. Genetic modifications, which appear in the

progeny of the irradiated subjects and which are

transmitted to future generations.

We shall view successively these various actions

of the X-rays and gamma-rays and we will then

give a few indications concerning the techniques

of the irradiation of the plants.

Somatic Modifications. The most frequent ef-

fect of irradiation of plants is the inhibition of

their growth, and, in the great majority of cases,

this inhibition is proportional to the amount of

radiation administered to the point of death by
an amount called "lethal dose," which varies ac-

cording to the species and even according to the

various varieties of a same specie.

This growth inhibition seems due, on the one

hand to the inhibition of the synthesis of the

auxines, and on the other to the pertubations of

the cellular divisions. Indeed, various experiments

* Translated from the French by Mrs. Margaret
Fisher, Department of French, Universitj^ of Illi-

nois.



767
PLANTS: RADIATION EFFECTS

have shown that the auxines are not particularly

sensitive to irradiation, but that their synthesis is

easily inhibited by weak doses of irradiation.

Other research has made it possible to observe

the arresting of mitosis for several hours after a

weak dose of irradiation and to ascertain also that

following large doses of irradiation the mitosis

become abnormal or even impossible owing to the

aberrant behavior of the chromosomes.

These observations have found a practical ap-

pHcation in the study of "Chimeres'' periclines,

that is to say, of these plants whose various onto-

genetical layers do not present the same genetical

characteristics.

The irradiation of the buds of such plants leads

at times, in the apex, to the destruction of the

initial cells of the external layer, which are then

replaced by cells from deeper layers. These buds

give birth to small branches which show, in some

more or less important areas, morphological char-

acters different from the typical variety. That is

the reason, therefore, that by irradiation of the

White Sim carnation, whose flowers are normally

entirely white, more than 50 per cent of the flow-

ers have areas that are red in color and some

flowers are even entirely red. (See also Mutations

Induced by X-Rays in a Morning Glory.) The same

phenomenon manifests itself by irradiation of the

tubercles of potatoes of the Red Warba and Rood

Eersteling varieties which then produce white

tubercles or partially white ones among normal

red tubercles.

If cuttings are made on stems which had red

carnations or white potatoes, one obtains red car-

nations or white potatoes: irradiation of buds

presents itself as a practical and simple method to

find new varieties of plants of vegetative multi-

plicity.

It can be said, however, that there is a true

genetic action, due to radiation, since the distinct

genetic layer of the plant existed before irradia-

tion.

The inhibition of growth following an irradia-

tion can also be used in the preservation of cer-

tain vegetables. Thus, for example, irradiated po-

tatoes and onions with a dose of 10,000 rads with

gamma rays are very well-preserved for a year

without germinating, at a temperature of 10° C
and 85 per cent humidity, with their culinary and

nutritive qualities apparently unaffected by this

treatment. (See also Food Preservation.) Fuller

studies are being made, however, to verify the total

harmlessness of these irradiated foods.

It should be pointed out also that contrary to

the inhibition of growth, irradiations, generally in

weak doses, can provoke a stimulation of the

growth of plants irradiated or plants produced

from irradiated seeds. This phenomenon has been

explained by the fact that the weak doses destroy

the enzj^me inhibitors which exist in the tissues.

In theory, it has been noticed that after an ir-

radiation of seeds in doses of around 100 roent-

gens, a more rapid germination of these seeds is

obtained and at times a greater development of

the plants which leads to a better yield of culture.

Kouzine, in the U.S.S.R., has been able to obtain

increases of production reaching 20 per cent with

seeds of radishes, cabbages, peas, and rye irradi-

ated by X-rays or gamma-rays.

This very fascinating technique is, however, dif-

ficult to perfect, for it seems that the phenomenon

is easily disturbed by conditions of environment,

the physiological state of the irradiated material,

and small deviations of dosage, so that it is not

yet possible to reproduce it regularly for a given

species.

Genetic Modifications. It sometimes happens

that in a well-defined variety of plants, one speci-

men shows up one or several new characters which

are found in plants produced by seedlings from

grains produced by this specimen, and within the

amounts corresponding to the laws of genetics.

These hereditary modifications are called muta-

tions. The frequency of the appearance of such

natural mutations is low, and varies, according to

the species and the characters under considera-

tion, from 1 per 10,000 to 5 per 100. In 1927, Mul-

ler showed that an irradiation of X-rays (3,000 r)

of the vinegar fly (Drosophila melanogaster) allows

a rate of mutation of 10 per cent for a character

whose rate of natural mutation is from 1 to 2 per

cent.

Many studies have been made since we have

shown the mutative action of electromagnetic

radiations, X or gamma, on the most diverse living

organisms, of the vegetable kingdom as well as of

the animal kingdom. The artificial mutations pro-

voked by radiations are the same as those which

appear spontaneously, but their frequency be-

comes from 10 to 1,000 times larger.

The genetic and cytological study of these mu-

tations has made it possible to divide them into

two large groups

:

1. Punctate (spotted or dotted) or genie muta-

tions, due to chemical changes of determinate

genes which thus acquire new allelomorphic con-

ditions. In this case, the cytological examination

reveals no modification of the chromosomes.

2. The mutation of chromosomes or alterations

of chromosomes which consecutively follow the

break-off of the chromosomes and the healing of

the broken ends in an order different from the

original disposition. In this way a certain number

of cases can be observed, such as: a) the deletion

(or loss) of a chromosome element which disap-

pears in the cytoplasm; b) the inversion of a

chromosome segment; c) the reciprocal translo-

cation when two chromosomes exchange segments.

If the chromosome changes attract important

fractions of chromosomes, the cell which has been

the center of it does not generally live, but small

changes may very well not be an obstacle to the

mitosis or the meiosis, and be transmitted to fu-

ture generations which will present one or more

characters due to the disappearance of genes or

to the fact that the genes do not have the same

action according to their place on the chromosome

(effect of position).

Among the mutations studied, the great ma-

jority show unfavorable characters to the plants,
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to their development or their reproduction. But
some, on the contrary, constitute a very evident

amelioration of the cultural or technological quaU-

ties of the irradiated variety.

An original study has been made by Sears, in

Missouri, who succeeded in giving to cultivated

wheat resistance to rust fungus which attacks the

wild species Aegolops Umbellulata. Thanks to ir-

radiation by X-rays of hybrid wheat x Aegilops,

he was able to find in the progeny some types of

wheat possessing in one of their chromosomes the

small fraction of the chromosome of Aegilops

having the gene responsible for the resistance to

rust.

Techniques of Irradiation of Plants. Depend-
ing on the nature of the vegetal material to be

electromagnetically irradiated, varied sources of

rays will be used.

X-ray machines permit the investigator to ir-

radiate small-size objects, pollen, cuttings, seeds,

or small potted plants. High-voltage tubes are

generally used to generate hard rays selectively

transmitted through aluminum plates, in order to

have a deeper action in the tissues.

Machines producing very fine collimated, soft

X-rays, together with a microscope permit ir-

radiation of selected cells excluding their neighbor

cells, for example, (la tigelle) or radicle of an
embrj^o.

The sources of gamma rays are generally made
up by Co®°, which emits 7 of 1.17 and 1.33 mev
energy, or of Ce"" emitting 7 of 0.66 mev energy.

These gamma rays therefore have a greater

power of penetration than X-rays. If the 7 of

Ce^^' are a little less penetrating than those of

Co'°, the Ce^"' has a 33-year half-hfe period, while

that of Co^° is only 5.3 years.

These radioelements are used for irradiation

either in enclosures of lead or concrete in which
the radioelement and the material to be irradiated

are brought together, or in ''7 fields." It is then a

matter of a well-closed field surrounded by
mounds of earth, in the center of which is placed
a source of Co"" or of Ce^^'. During irradiation the
source is raised about 1 meter from the ground,
and the cultivated plants in the field receive a 7
flux inversely proportional to the square of the
distance which separates them from the source.

In order to permit the upkeep of the plantation,

the source can be taken down below the earth by
electric or pneumatic conveyors. A similar ar-

rangement can be used in a greenhouse.
In order to accomplish the irradiation of a large

quantity of material by high doses, wells of de-
activated combustible rods of nuclear reactors,

can be used.

These rods, after being taken out of the reactor,

are powerful 7-emitters for a long period. This
flux can be used by circulating cars containing the
material to be irradiated, around the rods. These
cars, carried by rail and pulled by a cable, move
in a corridor shaped as a Z which permits the
loading and unloading away from the rays. Such
an installation in France permits the treatment of

more than a ton of material at a time with a 7-

flux reaching 30.00 r/h.

Pierre Pereau-Leroy

PLASTIC SCINTILLATION DAMAGE DOSIMETER. See Dosim-

eters: Recent Developments.

PLASTICS AND POLYMERS: EFFECTS OF X- OR GAMMA
RADIATIONS

Information on the effect of X- or gamma radia-

tion on plastics and polymers has arisen from a

number of diverse fields: basic research into the

interaction of high energy radiation with solids;

radiation damage in connection with the search for

radiation-resistant materials to be used in the

nuclear energy industrA^; radiation chemistrj^ of

simple organics where polymeric molecules can

often be considered to be an extension of low

molecular weight compounds in which the end ef-

fects become negligilDle ; industrial applications

aimed at improving existing plastic materials and

producing new ones; radiobiology and particularly

protection, since many of the reactions observed

with complex biological molecules can be studied

more readih' with polj-mer macromolecules of

vastly simpler structure. More recently attention

has been focused on phenomena such as radiation-

induced conductivity and thermoluminescence. As
a result, a considerable collection of data is avail-

able and numerous reviews and publications have
appeared, attempting to correlate these widespread

interests, ranging as the,y do from highly practical

aspects (such as manufacture of commercial prod-

ucts under radiation) to theoretical problems (as

for example the mechanisms of energy transfer in

irradiated sohds).

The changes produced in polymers depend not

only on the tA^pe of polymer considered, but also

on the radiation dose, intensity and environment.

The doses involved may range over many orders

of magnitude and it is, therefore, most convenient

to review the main results separateh^ under the

following series of headings.

1. Absorption of radiation.

2. Changes in chemical properties at high doses.

3. Effect of these chemical changes on relatively

insensitive physical properties, such as mechanical

strength.

4. Changes in physical properties at very low

radiation doses.

5. The effect of neighboring molecules and of

the environment on the nature and magnitude of

the radiation-produced change.

6. Applications of irradiated polymers.

Absorption of X- and Gamma Radiation. In

passing through polymeric materials, energy can

be diverted from the incident photon to the ir-

radiated material in four main ways.

1. Radiation may interact with the nucleus caus-

ing changes in the latter. If sufficient energy is ab-

sorbed in the nucleus this may become excited and
subsequently shed excess energy or nuclear par-

ticles. This form of energy absorption can there-

fore result in the production of radioactive iso-

topes. However, this process is far more frequent

with heavy particle radiation such as neutrons,

and is relatively rare with high energy X- or

gamma radiation. For example, only two nuclei are
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effected by the energies likely to be used, beryl-

lium and deuterium with thresholds at 1.67 and

2.2 Mev respectively. Their lifetimes are very

short and the cross section low, so that their in-

duced radioactivity is unlikely to cause any radia-

tion hazard. Most frequently occurring nuclei in

polymers have much higher thresholds: C" at 18.7

Mev, O^' at 16.3 Mev, T^' at 9.3 Mev, W at 10.65

Mev. Below these energies X- and gamma radia-

tion produces no change in nuclear structure.

2. X- or gamma radiation can lose energy by

elastic collision with nuclei. Because of the low

mass of the gamma photon, the energy transferred

to the nucleus will be very small, and only in the

case of Hght elements or high energies will this

energy be adequate to break chemical bonds by

removing the nucleus. In this respect, irradiation

is an extremely inefficient way of producing low-

energy recoil nuclei such as proton, carbon nuclei,

etc.

3. By far the greatest change produced m ir-

radiated plastics by X- and gamma radiation is

due to interaction with the orbital electrons. Here

energy can be lost by the photoelectric effect, by

Compton scattering and by pair production at suf-

ficiently high energies. In the light elements, which

constitute the majority of plastic materials, the

photoelectric effect becomes almost negligible at

relatively low X-ray energies, while the pair-pro-

duction contribution rises very slowly from its

threshold at 1.02 Mev. By far the greatest contribu-

tion to radiation damage in plastic materials is due

to the Compton effect. Energy from the incident

photon is absorbed by collisions with orbital elec-

trons, and these energetic electrons can then cause

further ionization and excitation as they pass

through the polymer. The absorption of energy

from photons, due to Compton scattering, depends

almost entirely on the number of electrons inter-

posed, and with the exception of hydrogen, this is

closely proportional to the atomic weight. For ex-

ample, polyethylene contains 8 electrons per

atomic weight of 14 (i.e., a ratio of 0.57), whereas

for Teflon of structure (Cr2)n there are 24 elec-

trons per atomic weight of 50 (ratio 0.48). For

many practical purposes we can therefore assume

that the primary energy absorption will depend

only on the mass interposed per square cm. The

ratio of the emergent to the entrant primary beam
///„ = e~^^ where x is the specimen thickness in

g/cm^ The absorption coefficient /x = 0.17, 0.10,

0.076 and 0.058 for photons of 0.1, 0.5, 1.0 and 1.5

Mev.' To this emergent fraction of the primary

photons must be added the scattered photons of

lower energy. Their contribution will depend on

the geometry of the system. This simple expo-

nential relationship fails for X-rays of lower en-

ergy, when the photoelectric effect becomes sig-

nificant.

The Compton electrons produced by the irradia-

tion give further electrons of low energy (delta

electrons) which can in their turn produce further

ionization and excitation. The average energy of

these delta electrons is not known, but is generally

assumed to be in the neighbourhood of 100 ev.

Once these electrons have lost most of their

energy they are unable to react any further with

the material to produce further chemical change.

They may become trapped or may interact with

other materials present in low concentration if

these have lower excitation or ionization levels.

This is one explanation of the very large changes

produced by some additives, whose direct con-

tribution to energy absorption can only be small.

The final effect of irradiation is usually to pro-

duce chemical changes. These can be measured

either directly or by their influence on the physical

properties of the irradiated plastic. However, there

is considerable doubt as to the intervening mech-

anisms between the initial acts of ionization and

excitation and the final chemical changes. These

are generally interpreted in terms of ionic or rad-

ical processes. The number of changes of a given

kind produced per 100 ev absorbed from the

primary beam is referred to as the G value. Where

a number of processes can take place following ir-

radiation, the G value (see also Radiation Chem-

istry, Elementary Processes) for each can be de-

fined. This notation is preferable to the older one

in terms of ion pairs produced, since it is not clear

whether the ultimate change arises from ionization

or excitation: in any case the measurement of ion

yield in a soUd is a difficult problem. Over a wide

range of chemically induced polymers, G values in

the neighborhood of three are reported. Much
higher values would tend to indicate the presence

of a chain reaction and much lower ones are indica-

tive of some form of radiation protection.

Apart from the penetration of the incident

photon beam, different chemical changes may oc-

cur dependent on photon energy, but in fact such

differences are rarely, if ever, found. The rate of

energy loss is often quoted in terms of LET
(Linear Energy Transfer) (q. v.) which is an ex-

pression of the rate at which energy is being trans-

ferred to the irradiated material per unit distance

penetrated. This LET usually increases as the

energy of the primary photon and of the Compton
electron fall below about 1 Mev. Thus with low-

energy photons, ions and electrons are produced

more closely together, and there is an enhanced

probability that they may react with each other

rather than with the environment. However, the

LET is only a rough measure of the probability of

such interaction. Even radiation of low LET will

produce many clusters of ionization, where each

delta electron causes several ionizations in close

proximity.

Chemical Changes in Polymers. In their pas-

sage through polymers, X-rays and gamma rays

produce ionization and excitation which may re-

sult in chemical change. Since the individual poly-

mer molecules have high molecular weights, rela-

tively small molecular change may produce a very

significant alteration in phj'sical properties. The

dose needed to produce such changes are usually

of the order of a few megarads,* although with

* 1 megarad or 10^ rads corresponds to an energy

absorption of 10" ergs/g or 0.625 X 10=° ev/g. It is

also equivalent to an energy absorption of 10

joules/g or 2.4 calories/g. An earlier unit is the

roentgen, approximately equal to 0.84 rads.
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several polymers, such as polystyrene, radiation

protection occurs and doses needed to produce the

same result may have to be increased by a factor

of at least 10.

The major chemical changes are crosslinking,

degradation, changes in unsaturation, scission of

side groups and evolution of gas. From the point

of view of physical change, cross linking and deg-

radation are the most important. These changes

can be further modified by the environment, and

particularly if oxygen is present.

In crosslinking, covalent bonds are formed be-

tween molecules initially separate. As a result of

crosslinking, the number of individual molecules

decreases, with a corresponding increase in the

average molecular weight. The material still re-

mains completely soluble, although its viscosity in

solution rises. Above a certain degree of crosslink-

ing, however, a network structure begins to form

and at this point the polymer shows increasing in-

solubility. Beyond this gelation dose the irradiated

polymer can therefore be considered as a hetero-

geneous system with a soluble fraction (sol) and

an insoluble network structure (gel). With further

increase in dose, the gel fraction increases in a

manner which is determined by the initial molec-

ular weight distribution. If there is no simulta-

neous degradation, the gel fraction tends towards

100 per cent with high doses.

The point at which gel formation first begins

(gel point) corresponds to the formation of one

crosslinked unit (half a crosslink) per weight

average molecular weight. Determination of this

gel point, therefore, gives a method of determining

this weight average. The process of crosslinking

can be compared with vulcanization in rubber, but

it occurs without any chemical additive, such as

sulfur, without heat treatment or indeed any other

processing apart from exposure to radiation.

If Tg is the dose (in megarads) needed for in-

cipient gel formation, and Mw is the weight aver-

age molecular weight, then

r, = 0.48 X W/AUcG

where G is the number of crosslinks per 100 ev

absorbed. Thus for rubber assuming G( crosslinked

units) =1.8 G( crosslinks) =0.9 (since there are

two crosslinked units needed to form a crosslink)

and Tg ^ 0.53 X 10VM«, or about 1 to 2.6 megarads
if M«, - 5 X 10^ to 2 X 10'. Changes in viscosity,

due to the higher average molecular weight, occur

at lower doses, however.

Degradation can be considered in some respects

as the converse to cross-linking. It corresponds to

scission of the main chain giving two stable poh^-

mer molecules of lower average molecular weight.

The number of such scissions is proportional to

radiation dose over a very wide range. Degradation
differs from depolymerization in that each scission

reduces the molecular weight, but does not pro-

duce any chain reaction liberating a large amount
of monomer. In depolymerization, on the other

hand, a weak link is formed in the chain which
reverts back to monomer by successive uncoupling

between its units. Depolymerization may be ex-

pected to occur at high temperatures, as, for ex-

ample, under the influence of ultraviolet light.

In many poh^mers both crosslinking and deg-

radation take place simultaneously and the final

structure (network or otherwise) depends on their

relative rates. Existing evidence indicates that in

a vast majority of cases the degree of crosslinking

depends only on the radiation dose (and to a

minor extent on temperature) but not to any sig-

nificant extent on the radiation intensity. The
degree of crosslinking or degradation can be

readily assessed from the radiation dose if the G
values are known. A dose of r megarads corre-

sponds to an energy absorption of 0.625 X 10^° r

ev/gram and can, therefore, produce 0.625 X 10"^^ r

G( crosslinks) or 0.625 X 10'® r G( scissions) per

gram of irradiated polymer, i.e. 1.04 r G micro-

moles/g.

Distinctions have been drawn between polymers

whose behavior under irradiation is essentially that

of cross linking and those where degradation pre-

dominates. Vinyl polymers having the structure

H H
C--C
H H

R H
C--C
H H

where R is an ester group, tend to crosslink

whereas those of structure

H Ri
—C—C—
H R2

generally degrade. The distinction may be related

to the heat of polymerization, or alternatively to

steric hindrance between the bulky side groups.

Where main chain scission occurs as a temporary

reaction, rejoining of the broken fragments may
be hindered by the steric hindrance between those

bulky side groups.

Changes in unsaturation are frequently observed

in polymers such as polyethylene and may be

readily followed by infrared measurements. There

is still considerable uncertainty as to the mecha-

nism by which unsaturation occurs. One theory

suggests that two hydrogen atoms are ejected

simultaneously from the saturated chain, whereas

other theories consider that the process is essen-

tially that of crosslinking, but occurring within

the individual molecule. Departure from linearity

with dose is observed at high doses and this may
be ascribed to subsequent reaction with hydrogen.

Irradiation of polymers also results in the split-

ting off of side groups; in the case of polyethylene

or paraffins, these are hydrogen atoms, in the case

of methylmethacrylate polymer the ester group is

removed, and rearranges itself to give rise to CO,

CO2, Ho and CH4 . The hydrogen is usually

evolved but the heavier molecules may sit around

in the matrix until they are able to join together

(e.g., by heating) when they form bubbles. Where
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such movement is not permitted, PMM shows in-

creasing evidence of fracture and disintegration

over a period of months. In a rigid polymer such as

PMM the broken chain ends form radicals, which

persist for long periods, and whose presence can be

readily detected by electron spin resonance.

A wide variety of polymers have been studied,

particularly polyethylene, rubber, sihcone fluid,

PMM, polyisobutylene, 'Teflon" and polystyrene.

However, the mechanisms by which these reactions

occur is far from clear. Crosshnking, for example,

has been explained as a reaction between two

radicals produced independently, or in close prox-

imity (e.g., by hydrogen abstraction). It has also

been suggested that unsaturation is involved or

that an ionic process occurs similar to that ob-

served in the gaseous state. The intermediate proc-

esses between initial ionization and excitation and

final chemical change may be followed by various

means including e.s.r., u.v. and infrared spectro-

photometry.
Polymerization and Grafting. As distinct from

the reactions mentioned above, which are essen-

tially linear with dose, we may now consider chain

reactions caused by exposure to X-rays and gamma
rays. Many monomers present in the form of a

liquid may be caused to polymerize when sub-

jected to radiation. In the early work in this field

these reactions were essentially due to radicals and

once the initiating radical had been formed by ex-

posure to radiation, the subsequent reaction fol-

lowed conventional chemical kinetics. More re-

cently, ionic reactions have been observed in other

monomers, particularly at low temperatures. These

reactions can be greatly enhanced by the presence

of certain soHds, such as SiO or ZnO present in the

form of fine powders. This is possibly due to the

trapping of hydrogen atoms on the surface of these

particles. Furthermore, monomer in the form of

crystalline sohd can also be induced to polymerize

by exposure to X-rays or gamma rays. This pro-

vides a valuable method of studying reactions in

the solid state.

The trapped radicals produced by exposure of

polymers to radiation can react further with

monomer to give long side chains by a chain re-

action. In this way it is possible to produce graft

copolymers from the reaction between a long

chain polymer —AAAA— and monomer units B,

producing a final structure

—AAAA—,
B
B
B

and the combination by radiation of these two dif-

ferent monomers can provide a range of new
materials (corresponding roughly to the alloys of

metals, but with more permanent bonds between

the two different constituents). Much work has

been done on the production of such grafts by ir-

radiation. Far less is known about their physical

properties.

Changes in Mechanical Properties. The chem-
ical changes outlined above result in modification

in many physical properties including solubility,

mechanical strength, elastic modulus. The relation-

ship between crosshnking and elastic modulus

(in the absence of crystallmity and with a flexible

polymer chain) has been studied in polymer the-

ory. As the dose and hence the density of cross

linking increases, the elastic modulus of the mate-

rial rises so that one can pass from a material with

no elastic recovery, through the rubberlike state

and eventually into a highly cross-linked network,

whose mechanical behaviour is very often that of

The tensile strength of polymer materials is also

modified by exposure to radiation. For polymers

with a dense network structure (e.g., phenol for-

maldehyde resins) very large doses of hundreds of

megarads or more are needed to have any signifi-

cant effect. Changes in crystallite structure are also

relatively minor at these doses. Elastomers are

greatly affected; the tensile strength rises to a

maximum, often when the cross-linking density

amounts to about 1 per cent of the monomer units,

to give a strong rubberlike material. At higher

doses the tensile strength then sinks to a low value,

corresponding to a friable cheeselike structure.

When the cross-hnking density rises to about one

crosslink per ten monomer units or more, a hard

material is produced. No very adequate theory of

the tensile strength in terms of cross-linking den-

sity, parallel to that of elastic modulus, is avail-

able as yet.

With polymers which are partly or wholly crys-

talhne, changes in crystal structure are also in-

duced at very high doses of the order of many
hundreds of megarads. The crystalline lattice tends

to disintegrate, presumably to to the insertion of

chemical linkages, radicals, trapped gases, etc. At

lower doses, however, crosshnking may predomi-

nate and this gives rise to the "memory" effect.

This effect could be best shown in polyethylene

which normally melts into a viscous hquid at tem-

peratures in the neighbourhood of 115 to 135°C.

When irradiated, the crystals still melt at about

these temperatures, but the polymer then behaves

as a rubberlike material. If cooled while in a dis-

torted form, the polymer recrystallizes and keeps

this shape. However, if it is subsequently reheated,

it win recover the shape it held during its initial

deformation.

Changes in Physical Properties at Low Doses.

Several phenomena msiy be observed when poly-

mers are subjected to X-ray or gamma radiation

even if the doses are too small to produce any sig-

nificant chemical change. Many plastic materials

are very good insulators, but do pass a small

"dark" current. When subjected to radiation this

conductivity increases to an extent which depends

on radiation intensity as well as on temperature.

The initial "dark" current and the radiation-in-

duced current appear to be of different origin, and

have different activation energies. The change in

conductivity induced by radiation does not occur

instantaneously; there is a slow increase in con-

ductivity to a maximum value (depending on ra-

diation intensity) and a slow decay after irradia-

tion has ceased. This effect is ascribed to the

trapping of charged carriers by impurities, which
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then release their charges to the conduction level

at a rate depending on temperature. Furthermore,

a wide range of plastic and other insulating mate-

rials show approximately the same radiation-in-

duced conductivity independent of their source of

manufacture or of the concentration or nature of

impurities. Indeed, polyethylene film subjected to

doses sufficient to give unsaturation concentrations

of the order of 10"'^ mole/gm show little difference

from those in which unsaturation is absent. Anti-

oxidants and other additives also have very little

effect.

The effect of radiation intensity has been studied

over an enormous range and most materials of

various shapes and various origins (with the ex-

ception of polyethylene) show an approximately

linear dependence of conductivity on radiation in-

tensity /. For pure polyethylene the dependence

on intensity varies approximately as r-\ This has

been ascribed to an exponential distribution of

electron traps.

Very extensive irradiations of certain polymers,

such as polystyrene, have produced a material of

higher insulation than the original. The doses re-

quired to achieve this change are sufficient to cause

major chemical changes in the material.

Plastic materials subjected to radiation at very

low temperatures show luminescence when they

are subseciuently warmed. The effect is due to the

trapping of charged species, electrons or holes

which are released at higher temperatures. This

thermoluminescence is greatly affected by the

presence of oxygen.

Effect of Environment. Although the incident

radiation is believed to be absorbed at random, the

final chemical changes produced by radiation are

found to be highly selective in character. Further-

more, the nature of these changes can be pro-

foundly affected by the presence of other molecules

of different chemical structure. These can often

reduce the over-all sensitivity of a polymer to ra-

diation, in which case one may refer to radiation

protection. This can occur in various ways: energy

transfer, electron or hydrogen transfer, reaction

with the radicals formed by radiation, x^romatic

ring structures afford a considerable degree of pro-

tection, and their presence in polystyrene and
polyethylene terephthalate accounts for the re-

markable radiation stability of these polymers.

Rather less efficient protection is offered when low

molecular weight compounds are incorporated, ca-

pable of reacting with radicals. Protection is far

less effective in solids than in liquids or in solu-

tion.

Oxygen has a very considerable effect on many
of these reactions, and can react with trapped rad-

icals to give peroxides through a chain reaction.

Irradiated Teflon is particularly sensitive to the

presence of oxygen, when it degrades rapidly to a

powder for doses well below one megarad.

The analogy between the effect of oxygen on

radiation-induced reactions in polymers and in

biological systems is worthy of note.

Applications. There is growing interest in pro-

ducing modified polymers by exposing them to

radiation. The most useful features are the reduc-

tion in the flow properties of poh-eth^dene at high

temperatures (used in cables designed for high-

temperature work or liable to overload), shrink-

able films (in polyethylene using its memory ef-

fect), graft polymer formation, modification of

surface coatings, sterihzable packaging, etc. For

these industrial processes the cost of radiation is

of considerable importance, but this has been re-

duced very greatly by the increased availability of

more powerful radiation sources.

Suitable gamma radiation may be produced by

radioactive isotopes, although equivalent doses of

electron radiation from high-voltage accelerators

are at present cheaper, when used on a large scale.

The most widely used radioactive isotopes for

gamma work in this field are Co*^" (which gives two

gammas of 1.33 and 1.17 mev) and Cesium 137

(producing 0.66 Mev gammas). Gamma sources

have considerable advantages over electron acceler-

ators when fairly thick samples must be irradiated.
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PLATING THICKNESS EVALUATION. See Gauges, X-Ray.

PLATING THICKNESS MEASURED BY X-RAYS

The techniques used in making thickness de-

terminations utilizing X-ray absorption and emis-

sion methods are shown schematically in Fig. 1.

One of the earliest methods for thickness measure-

ment involved the absorption of a substrate dif-

fraction peak.^ With the growth of X-ray emission

analysis techniques, this newer method was applied

to tin plate on steeP- ^ and since then has been used

in automatic control devices.^ Various modifica-

tions of emission methods include selected excita-

tion,^ selected filtration,* cr^^stal reflection absorp-

tion^' ° and emission"' ^' * electron probe methods,*

and radioactive source excitation.^"

As is the case with most instruments, a calibra-

tion of the instrument is necessary prior to use.

Standards must be prepared of known thickness

and these standards are then measured and the

results used for preparing calibration curves.

Standards. There are many calibration methods.

One of the most simple is the gain-of-weight meas-

urement of a known area after electroplating or

vacuum deposition. Another easy method covers

loss-of-weight measurement of stripped parts.
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Fig. 1. Schematic diagram of X-ray methods for measurement of metal coating thickness.

For gold the latter method is very suitable. If

gold plating over nickel and/or copper or brass is

dipped into nitric acid, the substrate dissolves

away from the gold. The gold is then weighed and
the thickness calculated from the area covered.

Other methods which include optical and inter-

ference microscope measurements may also be

used.

Calibration Curves. In the case of a single

metal electroplate over a sample, the absorption

method appears to be the most convenient. Ab-
sorption of the substrate radiation provides a

measure of thickness. The X-ray spectrograph is

set to measure the substrate radiation and the

ratio of plated to unplated intensities, minus back-
ground, is plotted on semilogarithmic paper versus

thickness. Both intensities are corrected for a back-
ground value which is obtained by counting on
the substrate line but using a sample of material

of the plate.

Since this absorption follows Beer's Law, a

straight-line relationship results as shown in Fig. 1.

The method used when the emission of the plate

is measured is also a comparative one but in this

case intensity of a standard is compared to the

intensity of an infinitely thick sample. An in-

finite thickness is determined by the thickness at

which no increase in intensity is realized. Here
again background corrections are made by count-

ing the substrate material on the X-ray line of the

plate. The increase in intensity with thickness of

plate is also shown in Fig. 1.

The unknown samples are measured using the

same procedure described above for the standards

and the thickness read from the calibration curves.

Accuracy. A light microscope can theoretically

separate or resolve two points in the order of 7 to

8 microinches. In practice this value is considerably

higher (11) and since the area measured is very

small, the reading tells very little about the over-

all surface.

Since counting of radiation is a random process

the precision obtained is dependent on the total

number of counts accumulated. By taking longer

counting times more precision is obtained.

A reasonable value for gold emission based on a

1 per cent 2-sigma value (40,000 counts) when
translated to thickness gives ±1 microinch at 30

microinches, ±3 microinches at 90 microinches.

With positioning and curvature errors, these values

could double.

Positioning. Since these are comparative meth-
ods, each sample must be correctly positioned

under the beam. Sample molds or other positioning

devices are used in order to insure the same sample

to tube distance.

In other cases where small areas are of interest,

masks may be used to limit the area to the desired

point of interest. Areas as small as 0.06 inches in

diameter were easily measured.

X-ray methods are fast becoming the best and
sometimes the only means of getting quantitative

data on thickness. They are rapid, nondestructive

and accurate.
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P-N JUNCTIONS. See Dose Rate Meters, P-N Junction.

POINT DEFECTS. See Perfection of Crystalline Structures.

POLARIZATION FACTOR. See Intensities, Integrated X-Ray

Diffraction.

POLARIZATION OF X-RAYS

Polarization effects, i.e., the preferred orienta-

tion of the electric field vector E, are observable

in both the production and scattering of X-rays.

However complicated the actual mechanisms of

generation or scattering may be, the classical

theory of electron-electromagnetic-wave interac-

tions seems adequate for explaining most results.

We shall not be concerned with the concepts

involved in generation, other than to remark that

characteristic radiation is generally taken to be

unpolarized, because of the atomic nature of the

process, whereas the continuum radiation, due to

deceleration of electrons, is polarized; the degree

of polarization being greatest at the short wave-

length limit, and the sense of the electric vector

being along the electron deceleration, or per-

pendicular to the target face.^

In the scattering of X-rays by electrons, the

classical result that the electric field vector of the

scattered radiation lies along the electron acceler-

ation vector is confirmed bj^ more rigorous quan-

FiG. 1. The successive 90° scattering experiment

used to demonstrate polarization effects in X-ray
scattering.

tum-mechanical arguments. ^ On this basis, the

amplitude of scattered radiation is proportional

to the component of the acceleration that is seen

from the viewing position. Scattered radiation

viewed at 90° with respect to the incident beam

wave vector, k, for radiation already inherently

transverse, E-k = 0, should thus be plane -polar-

ized. If this radiation is further scattered, and

viewed at 90° again, along a line perpendicular to

the plane of the first scattering, then no scattered

intensity should be observed. (See Fig. 1)

The experiment sketched in Fig. 1, first per-

formed by Barkla, is often carried out as a labora-

tory demonstration, using blocks of graphite. Be-

sides demonstrating the general validity of the

scattering argument, since a large fraction of the

scattering, in this case, is Compton scattering, it

also demonstrates that polarization must be con-

served in the Compton scattering.

The scattered intensity from block (2) Figure 1,

would be independent of viewing angle, 26, in the

plane of kg and ki , or the plane perpendicular to

E<, . That is, as ks takes up any position in this

plane, the scattered intensity due to polarization

effects would be constant since the full accelera-

tion vector of the electrons can be seen from all

positions. However, the scattered amplitude as

seen along ko , as k2 moves in the plane containing

E^ , would go as
|
cos 29 j, or the intensity as cos2

26.

This basic feature is carried along in all polari-

zation effect considerations. The electric field

vector is considered in terms of its components at

right angles to the plane of incidence, say E^
,

and in the plane of incidence, say E^ . The plane

of incidence is defined by the wave vectors of the

incident and scattered radiation. Since there is no

interference between fields at right angles, the

resulting diffraction intensity of field E,, can be

treated independently of E^r ,
and the intensities

added at the end to get the total effect, using the

proper polarization correction on field E^
,
there

being no correction needed for the E^ field.

Although the polarization term with respect to

the field E,^ differs considerably in different dif-

fraction experiments, no E,r is diffracted at 26 =

90°. Thus diffraction from a crystal at 26 = 90° is

one way of producing a plane-polarized beam.

For diffraction from a powder or mosaic crystal,

the polarization correction on the intensity of the

diffraction of the tt polarization state goes as cos^

26, since in the development of the kinematical

diffraction formulas, the electrons are considered

to scatter as classical electrons, with the introduc-

tion of certain phase relationships between the

scatterers. However, for large perfect crystals, or

samples exhibiting extinction, where the more

correct dynamical diffraction theory must be used,

the polarization term has a different behavior.

For the symmetric Bragg reflection, where the

diffraction is from a flat face with the incident and

diffracted beams making equal angles with the face

(see Fig. 2), the polarization term for the x state,

for the integrated intensity, may range from

1
cos 20 I to

1
cos 26 |2 = cos2 26, depending upon
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the ratio of the strength of the reflection to the

photoelectric absorption. ^ For a strong reflection

and/or no absorption, the
|
cos 2d

\
term is the

correct one; for a weak reflection and/or large

absorption, the
j
cos 26 |2 term is correct. Any

expression between these two may be the "effec-

tive" polarization term. Also, as one moves from
a very symmetric reflection to a highly asym-
metric one, i.e., physical face very far from being

parallel to atomic planes being used, one goes

from
I

cos 26 \,\i appropriate, to
|
cos 26 \^. Thus,

in general, one expects the polarization term for

Bragg diffraction to be unity for the a state, and

I

cos 26 I", n between 1 and 2, for the x state.

Physically, the reason for the
[
cos 26

\
depend-

ence, is that there is a coupling between the dif-

fracted and incident beams, which, taken into

account by the dynamical theory, leads to a re-

flection coefficient of very nearly unity under cer-

tain conditions. The integrated intensity under
these conditions, then, is the peak width,^ which
goes as the first power of

|
cos 26 |.

Referring to Figure 2, then, if I^° and h° are

the intensities of the radiation in the two polariza-

tion states falling on the crystal, then the polariza-

tion terms in the expression for the diffracted

integrated intensity is

:

I,°R, +
I

cos 26 \^h°R, (1)

where the i?'s refer to the strength of the reflec-

tion, and it is not necessarily true that the expres-

sion for the integrated intensity for the a state is

the same as for the tt state.

If the initial beam is unpolarized, 1^° = I^° =
1^ 7° we have: for R^ = R^r :

1 + [
cos 26

l'^

(2)

If the radiation is coming from another flat

crystal whose polarization term is expression (2),

then 7/
have

:

7° 7 li
I

COS 26i l"i7°, and we

1 +
I

cos 26 1^2 1 COS 26i |"i

(3)

for the polarization term for radiation off of the
second crystal. Similar expressions can be derived
for any geometry.
For the Laue diffraction case, or diffraction

through a crystal slab, as shown in Fig. 3, the
dynamic theory shows that the effective absorp-
tion coefficient for the passage of the radiation

through the crystal depends on the polarization,

R,- ^;co

Fig. 2. Polarization terms in Bragg diffraction.

The parameter n ranges from 1 to 2.

Fig. 3. Laue diffraction through a crystal slab.

220 PLANES
Ge Imm thick

Fig. 4. Basic diffraction geometry for anomalous
transmission of X-rays (Borrmann effect). The 220
planes in a germanium crystal slab are used to pro-
duce the polarized and monochromated beams. The
crystal is rotated around the center line of the
forward diffracted beam, thereby turning the polari-
zation vector in space.

and thus polarization is an important parameter.
This comes about because the coupling between
diffracted and incident beams produces a standing
wave pattern which has nodal planes for E"^ in the
o- polarization state (and thus no absorption for

sheets of atoms coinciding with these nodal
planes), but only planes of minimum, nonzero,
E^, for the tt state. For the -k state, then, the polar-

ization terms, for ixot > 10, are:^

1
cos 26 |l/2e-Mo<[l±| cos 25

I

e]
(4)

where no is the linear absorption coefficient, t is the
effective path length of the radiation in the slab,

and € is a structure parameter which varies be-

tween 1 and 0. For the a state, the term becomes
simply

:

e-Moi(i±0
(5)

For a thin, or mosaic, slab the kinematical the-

ory would give.

[(l).-f (cos2 2^).]e-^o* (6)

For a perfect crystal slab, the predominant polar-

ization effect is in the exponential, in expressions

(4) and (5). The terms with the minus sign give

the least absorption, but, even so, 1 —
|
cos 26 \e>

1 — e, and the w state is preferentially absorbed.

Therefore an X-ray polarizer can be constructed,

using Laue diffraction through a perfect crystal
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Fig. 5. Schematic representation of Borrmann
crystal holder.

slab. Since these terms apply to the transmitted

beam, normally referred to as the "anomalous

transmission" or Borrmann Effect, as well as to

the diffracted beam, a simple polarizer-mono-

chromator is possible in the sense that insertion

and rotation of the polarizer does not sensibly

change the line of action of the X-ray beam. Such

a polarizer has been constructed using a single

crystal slab of germanium as shown in Figs. 4

and 5.

Although the polarization terms in diffraction

have been used*' and understood for many years,

whether polarization is conserved in processes

such as thermal scattering, or whether there is any

"optical activity" with respect to rotation of the

plane of polarization in the X-ray region, has

yet to be presented in the literature.
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density distribution of a polycrystalline sample.

In other words, the angular positions of the poles,

i.e., the normals to crystallographic planes, for

individual grains of the aggregate are plotted

in stereographic projection. (See Fig. 1.) Most

frequently the pole distribution data are obtained

by X-ray diffraction techniques; however, neutron

diffraction, a combination of etch pits and optical

goniometer techniques and magnetic torque

methods have been successfully used in special

situations.

Fig. 1. Typical pole figures for rolled hexagonal

metals and" alloys (titanium-3.8% aluminum alloy

rolled to 90''/r reduction in thickness at 565°C). The
distribution of 0002 poles is given m (a) and _of

lOlO poles in (b). The positions of (0001) [1010]

ideal orientation are denoted by the symbol •.

RD and TD represent the rolling and transverse di-

rections respectively. From the close correspond-

ence between these positions and the intensity max-
ima, the preferred orientation is described by
10001 1

planes parallel to the rolhng plane and

(1010) directions parallel to the rolling direction.

X-RAY
BEAM

REFLECTION
CIRCLE

.LIGHT SOURCE

REFLECTION PLANE

DEBYE RING

PROJECTION

POLE FIGURES

'{See also Metallurgy: X-Ray; Polymer Preferred Orientation;

Fibrillar Structures; Computer Techniques.)

The over-all orientation of crystals in a poly-

crystalline aggregate may be represented graph-

ically by a plot known as a pole figure, from which

the degree and crystallographic description of the

preferred orientation may be determined. Such a

plot is a stereographic projection of the pole

Fig. 2. Schematic drawing showing the relation-

ship between a spot, S, on a Debye diffraction ring

and the stereographic projection, P', of the pole of

the reflecting planes, P, in the specimen that cause

the observed spot. The specimen is normal to the

beam, a is the azimuth angle, and 6 is the Bragg

angle. The projection of the reflection circle is con-

centric with the primitive circle, but is removed

from it by (90-^) degrees. As the specimen is m-
chned to the beam the reflection circle shifts by a

like amount.
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Before delving further into the details of pole

figures, consideration of the means of detecting

the pole distributions or preferred orientations

may facilitate understanding of the topic. If

a colliminated monochromatic beam of X-rays

is passed through a polycrystalline sample that

has a completely random orientation of grains,

a film normal to the beam will record continu-

ous diffraction rings, i.e., Debye rings, that

are uniform in intensity. If, however, the grains

are nonrandomly oriented as in a rolled sheet, the

Debye ring of each family of diffracting planes will

exhibit intensity maxima and minima. These are

directly related to the orientation or pole distribu-

tions of the polycrystalline aggregate. The posi-

tion of the intensity maxima and minima may be

defined by an azimuth angle, a, and an angle of

inclination of a reference plane in the sample (the

rolling plane is most often used in the case of

sheet) to the X-ray beam. (See Fig. 2.) This posi-

tion then may be plotted in stereographic projec-

tion, and a series of such plots using data from
Debye rings for a series of films for differing speci-

men inclination to the X-ray beam describes the

pole distributions prevalent in the aggregate.

A stereographic projection has the unique prop-

erty of being angle true. That is, the correct angu-

lar relationships are maintained by the projection,

and a true angle may be measured along any great

circle. A stereographic projection may be visual-

ized as one that occurs when a light source on the

equator of a sphere projects a point in the opposite

hemisphere onto a plane tangent to the surface of

the sphere. (See Fig. 2.) This point of tangency
and the light source define a diameter lying in the

equatorial plane. To project crystallographic

poles, the crystal is assumed centered in the refer-

ence sphere and the poles extended to the sphere

surface. The point of intersection of extended poles

with the surface may then be projected onto the

projection plane. These projections may be readily

accomplished with nets that are meridional or

polar stereographic projections of the latitude-

longitude grid of the reference sphere. Then any
position in space may be plotted on a two-dimen-
sional chart in terms of latitude and longitude.

For example, in the case of an intensity maxima in

a Debye ring the azimuth angle, a, corresponds to

degrees of longitude and the angle of inclination,

$, to the incident X-ray beam corresponds to de-

grees of longitude.

Many pole figures as presented in the literature

do not include the complete primitive or basic

circle of the stereographic projection. (See Fig. 2.)

Because symmetry relations are frequently ob-

served in pole figures often a half -circle or quad-

rant of the primitive circle is sufficient to com-
pletely describe the pole distribution. (See Fig. 1.)

The missing portions of the primitive circle are

simply mirror reflections of the quadrant or half-

circle. In the case of relatively simple preferred

orientations, e.g., in fiber textures (the terms

texture and preferred orientation are synony-

mous), the orientation of the polycrystalline ag-

gregate may be readil}"^ described with a stereo-

POLE FIGURES

graphic unit triangle because of crystal symmetry.
The fiber textures in drawn wire, extruded rod,

swaged rod, etc. can be described in terms of crys-

tallographic direction (s) parallel to the wire or rod
axis. Such a texture is closely analogous to the

orientation of a single crystal; however, in a fiber

texture there is rotational symmetry about the

fiber axis, i.e., the reference axis.

In order to read a more complex pole figure, or

to determine the preferred orientation, positions

of intensity maxima in the stereographic projec-

tion are noted and compared with ideal positions

of a given crystallographic orientation. (See Fig.

1.) This method, however, does not apply to in-

verse pole figures which will be briefly considered
later. These preferred orientations generally re-

quire that both a reference plane and a reference

direction in the specimen be used to define an ori-

entation as rotational symmetrj'' about a reference

axis is not usually observed. In the case of rolled

sheet the rolling plane and the rolling direction are

most often used. The texture is then solved b}" ob-

taining the best fit between intensity maxima and
ideal positions of trial orientations. In order to ob-

tain an unequivocal solution it is usually necessary

to do this for the pole plots of at least two families

of diffracting planes. Having done this the texture

may be described in terms of orientations that

produce the best correspondence with observed

intensity maxima; however, the only complete

and unprejudiced description of the texture is a

pole figure.

Preferred orientations of polycrj^stalline ag-

gregates described by pole figures are not only of

academic interest because of the insight they af-

ford of the behavior of crystalline solids, but also

they are of considerable practical significance.

Since single crystals exhibit marked anisotropy of

many physical and mechanical properties, a pref-

erential alignment of individual crystals of a
polycrystalline specimen, as determined by ther-

mal and mechanical history of the specimen and
the characteristics of the material, will result in

a corresponding anisotropy of properties. This

texture induced anisotropy may or may not be
advantageous depending upon the ultimate use

of the material. A classic example of beneficial

aspects of such anisotropy is in silicon-iron trans-

former core laminations which utilize the orienta-

tion of transformer sheet to reduce magnetic h3'-s-

teresis losses thereby increasing transformer effi-

ciencies. This desirable preferred orientation is

developed bj" a carefully, controlled sequence of

mechanical and thermal treatments. In case of

sheet used for deep-drawing shapes such as cart-

ridge cases a strong preferred orientation may give

rise to a marked anisotropy of flow stress. This will

result in irregular edges and thickness variations.

Costly losses of material as well as an inferior

product can result from this. These two examples

illustrate the practical value of a knowledge of

pole figures and consequently, preferred orienta-

tions.

Several quantitative X-ray methods utilizing

counting devices have been devised for pole figure
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work. In general, these counter methods differ

from the film techniques described earlier onl}^ in

the way variations in diffracted intensit}^ are

sensed and recorded. These methods^-^- e, s, n, 12

employ flat samples which are positioned by a

goniometer usually mounted on the diffractometer

axis. The goniometers are commonly two circle

devices with the third rotational axis being that of

the diffractometer, which positions the specimen

at appropriate Bragg angles.

The most widely used of these methods are

based on the techniques and goniometer of

Schulz.i2 The basic geometry for this method is

shown in Fig. 3. For studies using reflection

methods a flat specimen is rotated about the axis

of the specimen holder; this a rotation corresponds

to degrees of longitude, i.e., movement along a

line of latitude. The rotation of the inner ring of

the goniometer is termed 4> rotation and corre-

sponds to degrees of latitude. In reflection, the

limiting ^ rotation is approximately 60 degrees

because defocusing becomes progressively accen-

tuated as $ rotation goes to higher angles. Trans-

mission studies are also possible using the same

basic goniometer, but in this case the sample is

mounted in the center plane of the ring. The
rotations are of the ring, as before, and about the

goniometer axis or post. For both reflection and

transmission arrangements the rotations may be

made automatically by motor drives in either a

continuous or stepwise mode.

A somewhat different concept of the presenta-

tion of preferred orientation has developed in re-

cent years. These plots are known as inverse pole

figures, and it is claimed that inverse pole figures

present the orientation data with less ambiguity

and better resolution. In fact inverse pole figures

are axis distribution plots that are currently

derived by two methods. The original method de-

veloped by Harris^ does not depend on intensity

variations in Debye rings; instead the integrated

intensities under a series of diffraction lines are

compared with integrated intensities for the same

lines from a randomly oriented sample. These

random intensity values are usually calculated.

The ratio Ioh3(hki)/Irandom{hki) is obtained and is

noted at the appropriate (hkl) pole in a unit

stereographic triangle. Contour lines are then

X-RAY SOURCE

X-RAY SOURCE

ERGENCE SLIT

POST TO DIFFRACTOMETER AXII

Fig. 3. Schematic diagram of the Schulz reflection

method for preferred orientation determinations

using a conventional focusing X-ray diffractometer.

The specimen surface is maintained tangent to the

focusing circle of the diffractometer while under-

going <l> and a rotations.

Fig. 4. Schematic representation of the diffrac-

tion geometry of the method developed by Jetter

et (d. for preferred orientation determinations.

drawn through equal values of ^obs//random ,
and

the result is an axis distribution chart. The orien-

tation may V)e deduced by comparing maxima of

axis distribution with crystallographic position

in the unit triangle. In simple cases of preferred

orientation, e.g., fiber textures, an inverse pole

figure whose plane of reference is normal to the

fiber axis is usually sufficient. In more complex

cases three inverse pole figures, each with refer-

ence planes that are mutually perpendicular, are

usually required. The method is applicable to

crystal systems of low synmietry such as hexag-

onal and orthorhombic.

A different version of this same general idea was

developed by Jetter et al.^- i" A sphere atop a post

is used as a specimen, and a counter is used to

detect and record intensity variations in the

Debye rings. The specimen is rotated rapidly

about the post axis. The angle of inclination of

the post axis to the incoming beam is changed by

a $ rotation about an axis perpendicular to the

post axis and through the sphere center. (See

Fig. 4.) The X-ray intensity versus $ angle is

recorded, and this then is replotted as / sin <l> vs.

$. A random intensity value can be derived from

this plot by graphical integration as:

I Jobs sin <J>c?$ = /i

This operation is repeated for a number of diffrac-

ting planes; approximately ten are necessary for

the cubic crystal system. The values of the ratio

/(*=o) //random , whcrc /($=o) Is the observed in-

tensity at $ = 0, are plotted in a unit stereographic

triangle. Contour lines are used to connect equal

values of the ratio /($=o)//random to completely

describe the axis distribution. One such inverse

pole figure is usually sufficient to describe a fiber

texture but with the more complex situation in
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sheet textures three inverse pole figures are neces-

sary.

Recently there have been attempts to derive a

quantitative index of preferred orientation.^

This is desired so that more reliable predictions

of anisotropic properties may be made, but the

methods derived to date have been used only in

limited situations.
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POLYETHYLENE AS MODEL OF STRUCTURE. See Fibrillar

Structures; Paracrystals.

POLYETHYLENE CRYSTALLINITY. See Quantitative Analysis

of Mixtures.

creased, so the best compromise in resolution and
intensity must be made. Pinholes give the best

undistorted collimation. Slits give the best resolu-

tion.

Samples can be either chunks or powders of un-

oriented bulk material, or they can be the polymer
after fabrication into thin films or fibers. Very
small samples can be studied, but usually 0.010 to

0.020 in. thicknesses are required for ideal expo-

sures in photographic techniciues.

The X-ray beam can be transmitted through the

polymer or it can be reflected at the surface. The
choice will depend on the nature of the sample as

well as on the way the diffraction data are to be
recorded. For example, if the sample has preferred

orientation and is not a heavy absorber, an X-ra}^

film made by transmission is often preferred. On
the other hand, if there is random orientation of

the polymer chains or if the sample is a heavj^

absorber, the measurement of reflected radiation

with a Geiger counter or scintillation detector is

often preferred.

Many types of cameras have been devised for

use with X-ra3^ film. All film techniques produce
an array of rings or spots with varying blackening

and position such as in Fig. 1. The amount of

blackening and position of the spots give the de-

sired information. Usually the blackening is con-

verted to intensitj^ readings by photometering the

film, as in Fig. 2. This produces the same informa-

tion as that obtained more directly from counter

recordings. A novel instrument has been designed

to give an instantaneous photometer trace of a

diffraction pattern.-

In recent years, an X-ra}'' technique has been
developed which produces a diagram at small

angles with respect to the main beam.^' ^ As the

collimation is increased by using smaller pinholes

or slits and the film is moved farther back from
the sample, a diagram can be obtained in the re-

gion of less than 1° from the main beam.

POLYETHYLENE TEREPHTHALATE FILMS. See Orientation

Distributions of Crystallites.

POLYMER CHARACTERIZATION BY X-RAY TECHNIQUES

X-ray diffraction and scattering studies provide

useful mformation about the internal arrangement
of polymer molecules in solid objects. This ar-

rangement is a vital factor which affects many
phj^sical properties of plastics, films, and fibers.

Such studies are therefore important from both a

fundamental and a practical viewpoint.

Principles of X-ray Technique.^ Copper is the

most commonly used X-ray tube target for organic

polymers since it offers the best compromise in

penetrating power and wavelength. The X-rays
must be collimated into a very narrow beam by
passing through a system of slits or pinholes. When
they are restricted, their total intensitv is de-

FiG. 1. Wide-angle X-ray pattern of oriented
poly (ethjdene terephthalate).
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Interpretation of X-ray Data

Crystallinity. Every crystalline polymer has its

own unique diffraction pattern. Such polymer pat-

terns usually have both sharp rings and a diffuse

halo. If the original pattern on X-ray film is pho-

tometered or if a counter recorder is used, a trace is

obtained (as the upper curve in Fig. 2) showing the

diffracted intensity versus distance from the main

beam; i.e., versus the diffraction angle.

The amount of the diffuse halo is often vari-

able, depending on the treatment of the polymer.

A measure of the variabiHty can be obtained from

the trace in Fig. 2 by comparing the area under the

broad halo on the left to the area under the peaks

on the right. A ratio of these areas* gives a num-

ber called the "per cent crystallinity" of the poly-

mer. This is commonly used in polymer studies

since it represents the proportion of polymer seg-

ments in ordered regions or "crystalhtes." An
example of the importance of learning the amount

of crystallinity in a polymer sample is shown in

Fig. 3 by a definite correlation of the yield stress

of films of 6-6 nylon and their crystallinity.^

Another aspect of crystallinity is how big (or

perfect) are the crystallites. There is a distinct

difference between the number of crystallites and

their size (or perfection). Each can be a variable;

POLYETHYLENE

POLYETHYLENE
INTENSITY

IQo 20" 22" 24° 26°

DIFFRACTION ANGLE (2©)

28«

Fig. 2. Photometer trace of X-ray pattern or

geiger-counter record showing resolution of diffrac-

tion maxima into crystalline and amorphous com-
ponents. _

66 NYLON FILM,
QUENCHED AND ANNEALED

(STARKWEATHER and BROOKS)

e.oooy 40 45 50
PERCENT CRYSTALLINITY

INTENSITY

SMALL CRYSTALLITES

LARGE CRYSTALLITES

DIFFRACTION ANGLE

Fig. 4. Diffraction line width differences.

Fig. 3. An example of structure-property correc-

tions.

IV:*'^'

Fig. 5. Model ropres{>nting fringe micelles. Each

piece of string repr(\<(>nts a molecule; the bundles

represent elementary fibrils.

often they are independent of each other. Usually

the crystaUites are quite small—between 50 and

lOOA for the average polymer. This size range is

obtained from measurements of sharpness of the

diffraction rings. Figure 4 shows the differences in

diffraction line widths for samples with large and

small crystallites. The size of the crystallite is de-

duced by measuring the width of these peaks and

using the width in a suitable equation.^ The ex-

treme case of this broadening in some polymers

is a broad hump or halo called the amorphous

scattering.

The exact meaning of "crystallinity" and the

best interpretation of molecular aggregation in

polymers is the subject of much intensive study

at the present time. Many of the original inter-

pretations are being altered in the light of recent

findings, and no completely satisfactory interpre-

tation exists now. However, a very useful concept

is shown in Fig. 5 by a model using strings repre-

senting "fringe micelles." This interpretation of

X-rav evidence was introduced many years ago
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Fig. 6. X-ray diagram of Poly (vinyl trifluoro-

acetate) ; fiber axis vertical.

Fig. 7. String model of amorphous polymer ele-

mentary fibrils.

and successfully explains many of the observed

X-ray effects;* it has been especially useful to

polymer physicists in explaining viscoelastic and
physical properties.^ However, the X-ray patterns

can be interpreted in an alternative way which
does not define distinct regions of order and dis-

order but less uses a continuous "paracrystalline"

lattice with disorder sites of various types." An
example of a polymer showing abnormal "crys-

tallinity" is given in Fig. 6. Such "directional crys-

tallinity" is shown by many experimental poly-

mers.^

Some important polymers are not crystalline in

the above sense. A diffraction pattern of atactic

polystyrene shows no sharpness, and no known
physical treatment will cr.ystallize such a sample
to give sharp diffraction. However, this polymer
is not completely random since its pattern has

definite halos which signify some close packing

and some semblance of order. Figure 7 is a string

model of such an aggregation in which the mole-
cules have no lattice order to give X-ray diffrac-

tion, yet they are not completely random. Varying
degrees of randomness can be visualized.

Another difficultv can arise in crvstallinitv

POLYMER CHARACTERIZATION

Table 1. Location of Amorphous Halo
IN Common Polymers

Separated Amorphous Halo Superimposed Amorphous Halo

Polyethylene

Polytetrafluoroethyl-

ene
Polyformaldehyde

Poly (ethylene tere-

phthalate)

Nylons
Cellulose

Tactic polystyrene

Tactic polypropylene

studies when the halo appears in the pattern at

the same place as the crystalline rings. Unfortu-

nately, this superposition is a common occurrence,

as summarized in Table 1. In such cases absolute

crystallinity measurements cannot be made by
the resolution technique shown in Fig. 2, but sam-
ples can be compared on a relative basis to obtain

a useful measure or index of their crystallinity.®

Preferred Orientation of Polymer Chains. A
parameter that is important in many polymer sys-

tems is the amount of preferred orientation that

the molecules may have. This orientation is the

usual result whenever a polymer is stretched,

squeezed through an orifice, or rolled. An orienta-

tion measurement becomes very important in the

study of fibers, films, and some molded objects

since tensile strength usually increases greatly as

the orientation of the polymer increases. The X-
ray pattern from an oriented polymer (Fig. 1) has

diffraction rings broken up into arcs and spots,

and a measure of the orientation is obtained from
the length of these arcs around the azimuth .°

Fibers usually show the molecules to be well

aligned in the fiber axis direction when they have
been fully deformed by stretching or drawing.

Films similarly show axial orientation if stretched

one way^° or selective uniplanar orientation if

stretched two wavs."

Ocorbon Onydrogen

Fig. 8. Crystal structure of polyethylene accord-

ing to C. W. Bunn, Chemical Cr^-stallography p.

233, Oxford Universitv Press, London (1946).
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Crystallographic Structure Determination.

With considerable effort and ingenuity, a full

structure determination is sometimes made from

oriented patterns in order to learn the exact posi-

tions of the atoms in the crystal. Figure 8 is an

example of the result for polyethylene in which

the exact configuration of the molecules is shown .^

Polymer structures are more difficult to work out

than simple low molecular weight materials since

there are relatively few diffraction spots and three-

dimensional patterns are not readily obtained.

However, a few structures have been solved and

have been very useful in answering fundamental

questions, such as what interactions occur between

molecules in the crystal, the degree of freedom of

Fig. 9. Model of folding of polymer chains to

form a lamellar single crystal.

the molecules, and along which direction the ciys-

tals would be expected to deform under stress.

Void Content and Void Elongation. Nearly all

polymers show diffuse scattering at small angles

with respect to the main beam. The amount of

this scattering is related to the void content or

microporosity of the polymer.^^ These voids are

too small to be seen by the light microscope but

are found to be measurable in the 15 to 200A

range by the small-angle X-ray technique. Small-

angle X-ray scattering is especially appropriate

for studying amorphous polymers and is often

related to such properties as diffusion, d3'eabiHty,

porosit}', stress cracking and density.

The void content is greatly affected by the

processing histor\' of a polymer as it is fabricated

into fibers or films .^^ When fibers are made from

solutions, their void content is expected to be

much higher than when made from molten poly-

mer. Annealing treatments will usually collapse

the voids, as shown by a large decrease in the

amount of the diffuse small-angle X-ray scattering.

When the polymer is pulled, extruded, or rolled,

the small-angle diffuse scattering elongates into

diamond shapes or into equatorial streaks. This

shows that the voids are pulled out into ellipsoids,

or they can be crevices or interlamellar gaps in the

fibril or lamellar aggregation."

Chain Fold Period. Recent studies of polymer

morphology have been aided by X-ray techniques

which allow measurement of a long-period dif-

fraction found in the small-angle diagram. This is

found to be due to the distance of the extended

straight chain between folds in lamellar single

crystals^* and in some bulk polymers,^^ as sketched

in Fig. 9. The fold period is variable, depending

on the thermal historv' of the sample."

The existence or importance of such folds in

oriented structures (fibers, films) has not j^et been

established. A similar long-period diffraction had

160
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Fig. 10. Correlation of long period (from discrete diffraction of small angle pattern) with

crystallite length (from width of a meridional reflection in wide angle pattern).
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previously been found in the small-angle X-ray

diagram for these oriented structures, but it had

been interpreted^ in the hght of the older and

previously acceptable fringed micelle for fiber

morphology. A linear relationship is shown in

Fig. 10 for combining the measurements of wide-

and small-angle X-ray patterns from drawn fibers.

These data are compatible with either interpreta-

tion for the cause of the long-period diffraction.
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POLYMER CRYSTALLINITY DETERMINATION BY X-RAYS

The use of X-ray diffraction in the study of the

structure of crystalline solids is w^ell-known and
much information has been obtained also about
less ordered structures such as gases, liquids and
amorphous solids. Polymers constitute a material
of great technological importance whose proper-
ties lie somewhat intermediate between those of

liquid and crystalline solid. According to the

present fringe-micelle concept the chains in

polymers form a network structure having regions

of ordered or crystalline states interrupted by less

ordered or noncrystalline states and both being in

continuous phase so that a chain can extend from
a crystalline region to a noncrystalline region

(Fig. 1
.
) . The crystallites in which chain molecules

lie parallel to one another can vary in size and
distribution depending on the number of cooper-

ating units. Recognition of these facts gives rise

to two questions; what is the nature of the dis-

ordered regions, and what fraction of the material

do they constitute? These problems are important
because of the very close relationship which has

been found to exist between the structure and
texture of the polymers, and the physical and
mechanical behaviour which is observed and
utilized. The second of these two questions is

considered in this article.

Fig. 1. The arrangement of chain-molecules in

the crystalline and amorphous parts of a polymer.
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Despite the complexity of the "molecular

matrix," some polymers can crystallize to a re-

markable degree and form single crystals. The

extent of crystallinity depends on several factors

such as (1) intermolecular forces, (2) chain regu-

larity, (3) mobility of segments of the chain, (4)

rate of cooling during crystallization. The chemi-

cal structure has a great influence on the ability

to crystallize affecting the flexibility of the chain

and so preventing the movement of a segment into

a crystalline region. The most important single

factor, however, is the regularity of the units with

respect to each other along the chain. This regu-

larity of succession is greatly influenced by the

conditions of polymerization and it is now possible

to produce polymers, chemically identical, which

have different types of regularity. ^ The most ir-

regular arrangement, or atactic polymer, is usu-

ally completely amorphous and gives an X-ray

diagram, (Fig. 2a), typical of a liquid. A high

degree of regularity results in an isotactic polymer

which contains many crystalline regions together

with some disordered regions. Such polymers are

frequently referred to as semicrystalline. Some

atactic polymers which have sufficient flexibility

of the chain segments also do crystallize to a

limited extent and give an X-ray diffraction pat-

tern. Figure 2b shows sharp Debye rings super-

posed on a weaker amorphous halo for polypropyl-

ene, a semicrystalline polymer. Drawing the

polymer causes a noticeable orientation giving a

fiber X-ray diagram (Fig. 2c). A particularly

striking X-ray diagram (Fig. 3) is given by poly-

isobutylene which is a rubbery-amorphous poly-

mer and only crystallizes on stretching.

^

The fraction of material occurring in the crys-

talline regions is not characteristic of a particular

chemical species such as polypropylene, but it is

frequently observed that polymers of one species,

prepared under the same conditions, have ap-

proximately the same crystallinity. It has thus

become common practice to refer to rayon, which

is a regenerated form of cellulose, as a poorly

crystalline polymer, and ramie cellulose as a

Fig 2 X-ray diffraction diagram of polypropylene, (a) atactic polymer, (b) unonented

isotactic polymer, (c) drawn and oriented isotactic fiber. (From N. G. Gaylord and M. i^

.

Mark^).
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Fig. 3. X-ray diffraction diagram of stretched polyisobutylene. (From C. W. Bimn').

highly crystalline polymer. Wider variations in

crystallinity are found amongst the synthetic

polymers.
The Meaning of Crystallinity. Among poly-

mers the meaning to be attributed to the term
"crystallinity" has evoked a great deal of discus-

sion. ^ Here we shall be concerned only with its

definition based on X-ray investigations, and we
shall consider only that part of the polymeric sub-

stance which gives rise to discrete and sharp X-ray
reflections as crystalline. The amorphous part

appears in the X-ray diagram, either as a series of

halos characteristic of liquidlike diffraction, or as

a diffuse general background found particularly in

the case of cellulose.

Principles in the Deterinination of Crystal-

linity. Qualitative estimates of the crystallinity

of various polymers can be obtained by a visual

comparison of the relative proportions of back-

ground intensity to that of the sharp reflections.

(See Fig. 2b.) Quantitative estimates, however,

can be made only from plots of the angular dis-

tribution of scattered radiation obtained either by
photometric analysis of the diffraction photograph

or by direct measurement using a diffractometer.

A typical plot is shown in Fig. 4.

The method of measurement of the crystalline

content is in principle a comparison of the relative

amounts of energy difi"racted by the crystalline

and essentially amorphous regions of the polymer,

with the implicit assumption that the scattering

powers of the two regions are equivalent, consider-

ing equal masses of scattering material. The
method of resolving the peaks is shown in Fig. 4

and is based on the assumption of peak symmetry.
A fairly reasonable resolution can be made in this

way for polyethylene.'^ The usual practice is to

determine the amorphous content A of the poly-

mer from which the crystalline content or per cent

crystallinity C, is given by, C = 100 — ,4. For a

determination of amorphous content in poly-

ethylene the three areas shown in Fig. 4 are evalu-

ated to give the integrated scattering intensities

for which

100 la/ [la + lb + /<•]•

Amorphous Contribution to the Scattering.
In addition to the difficulties accompanying the
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separation of the crystalline from amorphous
scattering, further uncertainty arises in conse-

quence of various other contributions to the amor-

phous scattering from (1) thermal vibrations, (2)

lattice defects, (3) air scattering in the X-ray

camera, (4) incoherent or Compton scattering.

Corrections for scattering angle and specimen

absorption must also be made.
Air scattering can be made negligible by evacua-

tion of the camera. However, this is hardly prac-

ticable for X-ray spectrometers. Lattice defects

remain an unknown source of error. Ruland^ has

shown that the diffuse scattering arising from lat-

tice defects is very much less than the scattering

due to thermal vibrations in the case of poly-

propylene. Scattering by thermal vibrations is

corrected for by evaluation of the Debye-Waller

factor. 6

An analysis by Ruland"^ of the scattering in a

polypropylene sample (C = 65 per cent) is given

in Fig. 5 with s^I as ordinate where / is the scat-

tered intensity and s = (2/X) sin 6, X being the

X-ray wavelength and 2d the scattering angle.

110 PEAK

AMORPHOUS
PEAK

Fig. 4. Method of analysis of the X-ray scattering

in polyethylene.

Orientation Effects. When a preferred orienta-

tion occurs in the X-ray pattern (see Fig. 2c and
Fig. 3) the method outlined above for determina-

tion of the crystallinity may be seriously in error.

It is important when examining specimens in the

form of film to guard against errors of this kind

arising from planar orientation. To a limited ex-

tent rotation of the specimen can average out the

effects of orientation.^ Filamentous materials

which usually have a high degree of orientation

frequent!}' give inconsistent results.

Completely Amorphous and Crystalline

Samples. Many of the uncertainties in the de-

termination of the crystallinity of a polymer could

be minimized if completely amorphous or crystal-

line samples of the poh'mer were available. Al-

though completely amorphous polymers exist,

e.g., polymethylmethacrylate, polyvinylacetate,

it is an inherent difficulty of the study of polymers

that a completely amorphous specimen of a

polymer which is normally semicrystalline is dif-

ficult if not impossible to prepare. Much effort has

been given to the preparation of amorphous

samples both for X-ray and density calibration.

Amorphous samples have been obtained by quick-

quenching techniques and by grinding. Polymers

which have a melting point, e.g., polyethylene,

can be examined above this transition to obtain a

completely amorphous scattering diagram. Dif-

ficulties do arise, however, in the extrapolation of

this data to ambient temperature.

Completely crystalline samples in the form of

single crystals have been obtained for several

polymers, e.g., polyethylene, polypropylene and

several nylons. These crystals are extremely small,

and can be observed only under an electron micro-

scope. This rules out their use as a crystalline

standard.

Typical Experimental Methods. Since the

crystallinity of a polymer is not specific to its

chemical and stereochemical structure the major-

0,1 0^ 0^ 0,4 0,5 0,6 0,7 0^ 0,9 I 1,1 s [^"']

Fig. 5. X-ray scattering curve for isotactic polypropylene (C = 65%). (From W. Ruland^).
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ity of crystallinity determinations are semiquanti-

tative and are based on a simple analysis of the

scattering peaks as in Fig. 4. This is sufficient for

many aspects of the physical properties of poly-

mers and much useful information can be obtained

by these means.
In the case of polymers such as rubber hydro-

carbon, polyethylene, polypropylene and various

forms of natural and regenerated cellulose, more
careful attempts have been made to determine

their crystallinity .^

X-ray experiments must be carried out under

carefully standardized conditions of X-ray in-

tensity, constancy of mass in the X-ray beam, and
randomness of orientation. The derivation of the

scattering curve (Fig. 4) requires careful control

to avoid nonlinearity effects in the photographic

procedure and Geiger-counter methods are now
being utilized more frequently.

Method of Goppel and Arlman. Early esti-

mates of the crystallinity in rubber were much
too high in comparison with values obtained

principally by density methods. This arose

through inaccuracies in the application of absorp-

tion corrections and in the compensation of in-

strumental variations. GoppeP devised an effec-

tive technique for obtaining these corrections and
modified the X-ray camera as shown in Fig. 6.

The primary beam traverses the slit (1 ) and after

absorption and scattering by the specimen (2)

undergoes further absorption and scattering by a

reference sample (3) shown mounted in a supple-

mentary conical miniature camera (4). Scattered

radiation from both the specimen (2) and reference

(3) are recorded on the flat photographic film (5).

Subsequent photographic procedures do not then
affect the ratio of the scattered intensities from
the two specimens. After transmittance through
the reference sample the unscattered X-ray beam
is absorbed by a trap (not shown). A mixture of

aluminum hydroxide and calcium sulfate was used
by Goppel as the reference specimen (3)

.

If the incident beam is of intensity lo , the in-

tensity of the amorphous halo of a completely

amorphous rubber sample of thickness d is given

to a good approximation by,

laid) = Klotd exp i-fid)

where t is the time of exposure to X-rays, /x the

absorption coefficient and K is a constant. In a

partially crystallized sample of the same total

thickness, d, the intensity of the amorphouslo ha
will be,

Ia,g(d) = Klotda exp (— ^d)

where da is the effective thickness of the amor-
phous rubber fraction of the sample. The intensity

of a line of the reference sample is given by a

similar expression,

Is = K'lot exp {—(j.d) exp (— yus^s)

with allowance for absorption by the specimen.

The absorption coefficient and thickness of the

V///////////A

Fig. 6. Schematic diagram of the Goppel X-ray
camera described in the text.

o

Fig. 7. X-ray diagrams taken with the Goppel
camera for an unstretched, crystallized sample of

crude smoked natural rubber, Q, and for the same
sample in the amorphous form, •

.

reference sample (3) are given by y.^ and d^ re-

spectively, K' is a constant. From these relations.

IaAd) II. = Kda/{K' exp {-ll4s)) = K"da

where K" is a constant. This ratio is independent
of lo and therefore is not affected by fluctuations

in the intensity of the primary beam. The ratio is

directly proportional to the effective thickness of

the amorphous rubber in the specimen and hence

to the amorphous fraction (.4/100) of the rubber.

K" can be evaluated by obtaining the ratio

(Ia,gid)/Is) for a completely amorphous rubber

specimen for which da = d, thus giving for the

percentage of amorphous rubber in a specimen

containing some crystallinity,

A = 100 da/d.

X-ray diagrams for a crystallized and an amor-
phous rubber obtained with the subsidiary camera
are shown in Fig. 7, (intensities in opposite quad-



POLYMER CRYSTALLINITY 788

rants should be equal). A set of photometer traces

are given in Fig. 8, curves a and h corresponding

with the quadrants marked O and • in Fig. 7.

In this figure the breakdown of the scattering

curve from a semicrystalline rubber (6) into the

amorphous (a) and crystalline (c) parts is shown.

Crystallinity was approximately 40 per cent for

this specimen as later evaluated by Arlman.io

This resolution was accomplished in the following

way. Intensity, plotted as ordinate was adjusted

for curve a so that 7, for both (a) and (h) was

equal. Curve d was then drawn starting in the

region where tan 2d ~ 0.2 and the scattering arises

entirely from the amorphous regions of the poly-

mer. The remainder of curve d is then drawn in

taking x
\
y as a scale factor. Curve e is then ob-

tained by subtraction of (6) and (d). The figure

also shows the method of correcting for air scat-

tering (c) which is proportional to the intensity

of the direct beam transmitted by the rubber

sample and is measured by the intensity of the

reference pattern (h). The shape of the air-seal

-

tering curve can be obtained in a supplementary

experiment with the rubber sample removed and

fitted by adjustment to constant Is as in Fig. S.

The dip in the intensity curve at about tan 20 =

0.16 arises from the cutoff by the wall of the sul)-

sidiary camera.
Arlmani" improved on Goppel's techiii(i\ie by

eliminating the white radiation with a niono-

chromatizing crystal. Corrections were also ap-

plied for Compton scattering. Satisfactory agree-

ment was then obtained with measurements of

crystallinity obtained from density measure-

ments .

Method of Hermans and Weidinger For

many polymers the absence of a completely amor-

phous reference substance makes the problem of

crystallinity determination more difficult. The
pioneering work on the solution of this problem

was carried out by Hermans and Weidinger," who
investigated the crystallinities of native and

regenerated forms of cellulose.

In order to avoid orientation effects a special

molding technique was developed which produced

a pellet of fibers of highly reproducible dimensions

and mass. Diffraction patterns were obtained on

flat film using a Goppel subsidiary camera and

Fig. 9. Scattered intensity curve for native ramie

cellulose. Contribution from the thermal and
Compton scattering shown shaded (scale 1:2.2).

monochromatic X-radiation. Air scattering was

allowed for by Goppel's method. Intensity meas-

urements were made over the range 26 = 7° to 42°

and the fraction of crystalline cellulose was taken

to be proportional to the integrated area of all the

(•i'>stalline i)oaks in this angular range. A typical

intensity curve for a native ramie pellet is given

in Fig. 9. Following a careful examination of the

liackground. the line (shown dashed) separating

the amorphous from crystalline scattering was

diawn in. The area between the dotted and dashed

lines represents the contribution from air scatter-

ing. Compton and thermal scattering contribu-

tions are also shown. In the case of cellulose the

latter corrections were determined experimentally

and taken to be equal to the background scatter-

ing from a single sucrose crystal, the measured

intensities being normalized to the scattering

mass of the cellulose pellets.

An essential feature of the procedure as applied

to cellulose is the reduction of all intensity meas-

urements from different samples of the same sub-

stance to equal mass and exposure. This is done

l)y multiplication of the observed intensities by

pjjpdls in which pd is experimentally determined

for each sample by absorption measurements and

Podo is obtained for a polymer sample, e.g., poly-

methylmethacrylate, acting as a reference. Pellets

were prepared so that pd = Podo to simplify the

procedure. Hermans and Weidinger compare the

areas under crystalline peaks and the height^ of

the amorphous maxima for two widely differing

samples to evaluate the crystallinity fractions.

Thus, if X and // are the amorphous fractions for

samples a and /S

0.5 0.6

Fig. 8. Scattered intensity curves for the speci-

mens in Fig. 7.

{An)cX

iAn)^

{Icr)a

which can be solved simultaneously for x, y. In

this way the crystallinities of a large variety of

cellulose were studied and found to vary from 30

per cent for bacterial cellulose to 70 per cent in

native fibers such as ramie and jute.
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Typical Results. A few typical values for the

percentage crystallinity of polymers are given in

the table below.

Polymer % Crystallinity
Reference

X-ray Density

Rubber (crepe)

Cellulose

native ramie
rayon (regenerated)

Polyethylene
low density

high density

nylons
polytetrafluoroethylene

33.8 31.0 (10)

(7)70 ± 2 60

39 ± 3 25

40 39 (11)

55-65

70-80

40-60

60-90

polyethylene terephltralate 40-60

polypropylene isotatic 65

polyvinyl chloride 5-10
(5)

Limitations of the X-ray Method. One of

the greatest defects of the X-ray method of deter-

mining crystallinity is that with the diminishing

size of the crystallites the selective diffraction

gradually passes over into a more diffuse scatter-

ing. Then minute regions of perfect order would

thus appear as amorphous. Further, the basic

assumption of the X-ray method that scattering

from a unit of polymer is the same whether in the

crystalline or amorphous state is invalid as a

general proposition, though it may happen to be

nearly correct in special cases. The total scatter-

ing depends both on the quantity of material and

the phase relationship of the scattered waves. The
intensity of a crystalline peak may be reduced by

thermal vibrations of a crystal lattice, but this is

not valid for scattering from amorphous regions.

It is possible, therefore, that on changing the

temperature, the ratio of the areas of crystalline

and amorphous peaks would change without any

modification of the per cent crystallinity. In the

X-ray pattern the effects of internal imperfections

resulting from mechanical strains, dislocation of

side groups, lattice vacancies, etc., cannot be

separated from that due to small crystallites.

Recently studies are being made to find the exact

degree of the three-dimensional order required,

i.e., the minimum number of adjacent unit cells

necessary to give a discrete X-ray reflection, per-

fection of crystallites, etc. The analogy between

the diffraction of light by a set of holes and of

X-rays by a set of atoms is being exploited.

Besides X-rays there are various other methods

such as density measurements, heat content,

diffusion of penetrants, infrared absorption and

nuclear magnetic resonance, etc., which have been

used for the measurements of crystallinity. Each
method has its own merits and shortcomings, de-

pending on exactly what one is looking for.
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POLYMER DEGRADATION DOSIMETRY. See Dosimetry:

Polymer Degradation.

POLYMER PREFERRED ORIENTATION, MEASUREMENT BY

X-RAY DIFFRACTION: THEORY AND PRACTICE

In a polycrystalline material, a convenient

manner of quantitatively expressing the preferred

orientation of a cystallographic direction R is in

terms of an orientation parameter^' ^ (cos^ a),

where a is the angle between the direction R in a

crystal and a reference direction Q in the sample

and the angular bracket denote a weight average.

This discussion will be concerned primarily with

procedures for evaluating (cos^ a), their limita-

tions, and their application to polymers.

Geometric Relationships. The range in al-

lowable values of (cos^ a) will depend on the crys-

tal system and choice of the crystallographic

direction R for which the orientation is desired. If

by symmetry considerations, there are no other

directions in the crystal equivalent to R except

possibly -R, then R will be termed unique. For

the case where R is unique, (cos^ a) has a value of

unity for complete orientation parallel to Q, zero

for complete orientation perpendicular to Q and

^ for randomness. However, if R is not unique,

the value of the orientation parameter for random-

ness is still ^, but its maximum value will be less

than unity and its minimum value will be greater

than zero. For example, in the extreme case of

cubic symmetry, there are no unique directions

and (cos2 a) is always li in any reference direction

for any crystallographic direction. (This may be

easily verified from the subsequent discussion.)

Therefore, to keep the development simple, yet

without sacrificing important elements of gen-

erality, (cos2 0-) will be considered here only for

unique directions. These unique directions for the

various crystal classes are listed in Table 1.

Let the orientation of a plane (hkl) be specified

by a unit vector Pu-; normal to the plane. The

orientation parameter for the [hkl] planes will be

designated (cos^ cf^hki) where 4>hf:i is the angle be-
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Table 1. Unique Directions in the Various
Crystal Systems.

Crystal System Unique Directions

Triclinic All directions

Monoclinic

(1) h ± ac plane a, h and c axes ; directions

;
in ac plane

'r {2} c A. ab plane a, b and c axes ; directions

in ab plane

Orthorhombic a, b and c axes

Tetragonal c axis

Hexagonal c axis

Cubic None

X

Fig. 1. Angular relationships between the refer-

ence direction Q in the sample and the coordinate
system xyz in a crystal.

tween Phki and Q. For any unique direction in the

crystal (cos^ a) can then be expressed in terms of

(cos^ (j)hki) for one or more {hkl] planes as dis-

cussed below.

With reference to Fig. 1, let a unique crystallo-

graphic direction be parallel to the z axis of a

Cartesian coordinate system xyz. Within this

restriction, the crystal may then be fixed in any
arbitrary position with respect to the x and y
axes. The position of the crystal, with respect to

the reference direction, Q, is then specified by the

angles, 8, e, and a as indicated.

The normal P, to a set of (hkl) planes makes
fixed angles E, F, and G with the x, y and z axes,

respectively. However, the angles P and the xyz

axes make with Q depend on the orientation of the

crystal. A general relationship between (cos^ (f>)

and the angles 5, e, and a can be easily obtained.^

Let Q and P be represented as unit vectors, and
let e = cos E, f = cos F, and g = cos G. Then

Hence,

cos <p = P.Q = e cos 5 + / cos e + g cos a,

and the desired average is

(cos2 0) = e2(cos2 5) + /2(cos2 e) + ^^(cos^ a)

+ 2e/(cos 5 cos e) + 2fg{eos e cos o-) (1)

+ 2ge(cos (7 cos 5).

Since e, / and g are obtained from the unit cell

geometry, the above equation is in six unknowns,

i.e., the averages. In principle, the desired quan-

tity (cos^ 0-) can be determined by solving six

simultaneous equations in these six unknowns.

Equation (1) evaluated for five independent set

of {hkl\ planes having normals different from each

other (as specified by their E, F and G values)

would provide five of the required equations ; the

sixth equation is the orthogonality relationship

<C0S2 8) + (C0S2 e) + (C0S2 o") = 1. (2)

In practice, the number of independent reflect-

ing {hkl] planes required is usually considerably

fewer than five^' ^ due to certain symmetry condi-

tions inherent in the crystal system or produce

mechanically, choice of {hkl\ planes or choice of

unique direction for which (cos^ a) is to be evalu-

ated. For polymers, the unique direction of inter-

est is usually the c axis; hence, this case will be

considered in more detail. The main simplifying

conditions resulting for this choice of unique

direction are listed in Table 2. If these simplifica-

tions are applied to Eqs. (1) and (2), then the

number n of independent \hkl} planes needed to

determine (cos^ a) w^ill be less than five; this in-

formation is listed in Table 3.

The explicit solution for (cos^ o-) can be obtained

in a straightforward manner by inserting the

Table 2. Simplifications to Eq. (1) Due to

Symmetry When a is the Angle Between
THE C AXIS AND THE REFERENCE DIREC-

TION, Q, IN THE Sample.

and

(cos 5)i + (cos €)j -f (cos o-)k

P = ei + /j + gh.

Symmetry Condition Resultant Simplification

Monoclinic System
(1) 6 ± ac plane, b

\\
x (cos 8 cos e) =

axis (cos a cos 5) =
(2) c ± ab plane (cos € cos 0-) =

(cos 0- cos 5) =
Orthorhombic System All cross product aver-

ages are zero.

Tetragonal or Hexag- All cross product aver-

onal Systems ages are zero, (cos^ 8) =

(cos2 e)

[hkO] planes g =
{001} planes and c ± a e = f = 0,g = 1

and b

Randomness about c All cross product aver-

axis ages are zero, (cos^ 5) =
(C0S2 e)
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simplifications due to the symmetry conditions

into Eqs. (1) and (2) and solving the resulting

simultaneous equations.

Measurement of (cos^ </>). Consider the pole of

an (hkl) plane, i.e., the intersection of the plane

normal P with a unit sphere about the sample as

indicated in Fig. 2. The coordinates of the pole

are the spherical coordinates </> and \l/.
For a poly-

crystalline material let /(</>, ^p) be the pole concen-

tration, representing the relative amount of mate-

rial having [hkl] plane normals in the direction

<f>,
xp. Then {cos^(j>) can be mathematically expressed

by the equation:

ir/2 /•2ir

(C0S2 cf>) =
»'0 *'o

/(</), ^) cos^ (p sin 4> dip d(t>

/•x/2 /•2ir

/ / I{(t),^P) sin d\pd4>

/.7r/2

/ /((/)) cos^ sin (/)d0

(3)

/.7r/2

/ 7(0) sin d</)

where

/(c^) I{(t>,rP) dxf^. (4)

The function I {(f>, \p) is proportional to the inte-

grated intensity diffracted from the \hkl\ planes

with orientation </>, ^. Account must of course be

taken for the background intensity, and if neces-

sary for the variation with </> and \}/ of absorption

of X-radiation by the sample and the relationship

of beam geometry to sample geometry.

A convenient manner of determining I{4>, xp) is

by means of a diffractometer equipped with a pole

figure device. The latter is essentially a sample

holder capable of positioning the sample over a

range of orientations with respect to the incident

and diffracted beams, and so designed that the

values of ^ and <f>
for the diffracting planes are

measured along with the diffracted intensity.

Several types of pole figure devices and their

operations are described in the literature.^'

^

Table 3. Number of Independent hkl Planes
Needed to Determine (cos^ a)

Crystal System
hkl.

General
IM 001

Ran-
domness
about
the

c axis

Triclinic 5 3 — 1

Monoclinic

(1) h ^_ ac plane

(2) c A_ ah plane

Orthorhombic

3

3

2

2

3

2

1

1

Hexagonal
Tetragonal

1

1

1

1

1

1

Fig. 2. Position of plane normal, P, specified by
spherical coordinates and \p.

Applications. The method outlined has been

applied to polymer fibers, film^ and sheet. As a

simple illustration, the measurement of c axis

orientation in an experimental filament of un-

drawn poly-4-methylpentene-l will be briefly

discussed.^ This polymer belongs to the tetragonal

system, hence only one {hkl\ set of planes is needed

for determining (cos^ a). (See Table 3.) The con-

venient {200} planes were chosen for measuring

(cos2 02oo)- Hence, the solution for (cos^ a) from

Eqs. (1) and (2) is

(COS^ 0-) = 1-2(C0S2 <j!>2oo). (5)

Consider the filament axis as the reference direc-

tion. Because of the symmetry about this axis,

the intensity (after corrections for background,

etc.) is proportional to /(</>) of Eqs. (3) and (4).

The experimental measurements were made as

follows. For </) = 0, the filament axis was parallel

to the bisector of the angle formed by the incident

and diffracted beams, and the angle of tilt of the

filament axis from this position was equal to 4>.

The necessity for correcting the intensity for

factors other than background scattering was
eliminated by the form of sample and measuring
procedure used. The diffraction sample was made
up in the form of a plane layer of closely packed
parallel filaments. A constant area of this sample

was exposed to the incident beam. During the

diffraction measurements, the sample was rotated

in its own plane which was perpendicular to the

plane of the incident and diffracted beams.

The curve of /(</>) in arbitrary units, and the

derived curves of /(<?!>) sin </>, and /(</>) cos^ (t> sin

ct> are shown as functions of </> in Fig. 3. From
the areas under the latter two curves, the value of

(cos2 <^) by Eq. (3) was found to be 0.232. From
this, the evaluation of orientation by Eq. (5)

shows that the c axis has a preferred orientation

in the direction of the filament axis expressed

quantitatively as (cos^ cr) = 0.536.

Concluding Remarks. Quantitative measure-
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30 60

(p, DEGREES

Fig. 3. Experimental curves used for evaluating

(cosV) in a filament sample of poly-4-methylpen-

tene-1.

ments of orientation can be used to enhance the

interpretation of pole figures or diffraction photo-

graphs, thus providing a more complete evalua-

tion of orientation. Furthermore, the orientation

parameter appears to be in a form useful for relat-

ing orientation to other physical properties of

polymers. For example, birefringence in polymers

is readily expressed in terms of the orientation

parameters. 2- ^ Another area in which it can be

reasonably expected that the orientation param-

eter will be useful is in relating orientation to

mechanical properties.

Although the methods described have been

shown to be applicable to polymers, they can,

within the limitations of Table 1, be applied to

other polycrystalline materials.
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POLYMER RADIOLYSIS. See Radiolysis of Poly(Potassiur

Acrylate).

POLYMERS, RADIATION CHEMISTRY. See Plastics and Poly-

mers.

POLYMERS, SEMICRYSTALLINE: APPLICATIONS OF MICRO-

BEAM AND SMALL-ANGLE DIFFRACTION METHODS

Morphological studies on semicrystalline poly-

mers have added little or nothing to the develop-

ment of new, or the improvement of existing,

techniciues of X-ray diffraction; but they provide,

nevertheless, an excellent example of the value

and power of these methods when brought to bear

appropriately on difficult problems in the analysis

of microcrystalline structures.

Semicrystalline polymers are notable for the

very small dimensions of the individual crystallites

formed in them even under carefully controlled

conditions of crystallization. Single crystals grown

from dilute solution, for example, usually possess

a lamellar habit and range from about 100 to 500A

in thickness, whereas crystaUization from the melt

leads characteristically to the development of

spherulites, each consisting of many fibrous crystal-

lites (fibrils) which commonly take the form of

nbbonlike lamellae whose thicknesses generally fall

hi the range 100 to lOOOA. X-ray experiments which

have played a large part in research into the crys-

tallization and properties of these high polymers

have included (a) determinations of the thick-

nesses of lamellar crystals, not only as a function

of crystallization temperature but also as they

change in the course of subsequent annealing proc-

esses, (b) studies of preferred orientation in bulk

polymers and within spherulites in these materials,

and (c) the recognition of new crystalline phases

within small volumes of polymer. The value of

these experiments lies partly in their ability to con-

firm results obtained by optical microscopy using

polarized light and by electron microscopy and

electron diffraction, but more significantly in their

capacity to bridge the gap between the ranges of

utility of these other methods. Electron microscopy

and electron diffraction are particularly suitable

for the study of single crystals though they are

limited by the fact that electron bombardment

changes the chemical structure and destroys the

crystallinity of the polymer sample under in-

\'estigation. With bulk polymers they suffer from

the disadvantage that one is restricted either to

the study of surfaces (by replication) or, using

transmission, to an examination of films so thin

that it is by no means certain that their structures

are representative of those formed in the thicker

bulk samples of practical interest. In this work,

joint use of optical microscopy and microbeam

X-ray diffraction has been particularly fruitful.

Measurements of thickness in lamellar crystals

such as are found typically in high polymers lend

themselves ideally to the use of X-ray scattering

at small angles. Investigations of solution-grown

crystals in polyethylene using this method has

been described by Keller and O'Connor^ and by

Statton and Geil." Mats of crystals dried down

from the mother liquor are usually mounted at the

exit slit or pinhole of a colhmator and well-de-

fined small-angle reflections are obtained with mod-

est exposure times. In this polymer the corre-

sponding long spacings, which are a measure of

the thicknesses of lamellae, vary from 90A for
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crystals grown at 50°C in xylene to 145A for crys-

tals grown at 90°C. This variation with tempera-

ture of crystaUization, together with an irreversible

increase in long spacing which is found to accom-

pany subsequent annealingr have provided in

large measure the stimulus leading to the formu-

lation of current kinetic theories of nucleation and

crystal growth in polymer systems.^' * Correspond-

ing but much more difficult measurements of long

spacings in bulk polymers have been carried out

by Mandelkern and his co-workers,^ whose results

show a similar dependence of lamellar thickness

on crystaUization temperature.

Conventional techniciues of wide-angle X-ray

diffraction are widely used as routine methods for

determining preferred orientation resulting from

extrusion and/or drawing in polymer fibers or

films. In morphological work, however, microbeam

methods have been more fruitful. Samples, gener-

ally in the form of thin films, are mounted over

the exit aperture of a fine pinhole collimator or

over a small aperture in a lead support, using a

microscope to select the area of interest. Keller"

has employed this technique, for example, to show

that the growth of spherulites is a primary crys-

taUization process in polymer melts and not the

result of a rearrangement of existing crystaUites

as had previously been supposed. It has also been

used extensively by Keller^ and others^ to ascer-

tain preferred molecular orientations in polymer

spheruhtes by selecting areas sufficiently far re-

moved from their centers so that the resulting

diffraction patterns are in effect fiber diagrams

with the radii of the spherulites as fiber axes. In

the course of such an investigation on spheruhtes

in isotactic polypropylene, Keith and co-workers®

found evidence for the existence of a new crystal

modification of this polymer which occurs only

in a small proportion of the spherulites formed.

Perhaps the most striking appUcation of these

methods has been made by Fujiwara^ who used a

lead sheet with a pinhole 2.5 X d/x in order to fol-

low in detail changes in orientation about the

radius in spherulites of polyethylene and thus

confirm that the fibrils grow with a twisted habit,

a result previously suggested by extinction effects

observed under the polarizing microscope.
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POLYMER STRUCTURES. See Fibers: X-Ray DifFraction Anal-

ysis; Fibrillar Structures; Paracrystals; Protein Fiber

Structures, Especially Keratins.

POLYMERIZATION BY GAMMA RAYS OF CARBOHY-

DRATES AND RELATED COMPOUNDS

The irradiation of de-aerated solutions of a wide

range of monosaccharides and a-hydroxy acids to

high doses (7 mrad) leads to the formation of

high molecular weight acidic polymers.

The production of these polymers appears to

be reproducible, and the yield and properties,

such as solubility in water, may readily be varied

by the introduction of different groups in the

parent molecules. As yet no commercial apphca-

tion has been found.

Properties and Structure. The polymers are

generally water-soluble and separable by dialysis,

or by precipitation with "Cetavlon" (cetyl tri-

methyl ammonium bromide).

The determination of molecular weight presents

considerable difficulties since the polymers behave

as polyelectrolytes. The most consistent results

obtained by viscometry suggest a value of 1000-

4000 for the polymer from D-glucose, this polymer

having been the most extensively investigated.

The molecular weight distribution of the polymer,

determined by fractional precipitation, increases

with dose, the heterogeneity, however, probably

being manifest both in molecular structure and

molecular size distribution. These effects are en-

hanced owing to the simultaneous degradation by

bond rupture of the slowly growing polymer

chain, since the polymerization does not take place

by a rapid chain reaction. The polymer yield has

in fact been shown to depend on the dose rate,

being proportional to the (dose rate)°*^

Chemical analysis shows the polymers from

monosaccharides to be susceptible to both alka-

line hypoiodite and periodate oxidation, but in

neither case is the polymeric character destroyed.

Similarly the polymer survives acidic and alkaline

hydrolysis, only superficial degradation occurring,

namely decarboxylation and slight fragmentation.

The basic polymeric linkage is therefore neither

glycosidic nor that of an ester and is probably

formed through a carbon-carbon bond. Such a re-

action is clearly demonstrable at lower doses, e.g.,

the carboxy-hydroxy-methyl radicals •CH(OH)-
COOH derived from in vacuo irradiation of gly-

colic acid dimerize to form tartaric acid, further

irradiation producing a polymer. In the presence of

oxygen, however, the radicals react with molecular

oxygen to form peroxides, thus suppressing di-

merization, and similarly at higher doses the for-

mation of polymers.

Formative Reaction. Although the mode of

formation of the polymers from carbohydrates is

not at present understood in detail, tentative

schemes have been suggested. The higher yield

and similarity of the polymer obtained from 1:4

D-gluconolactone to the D-glucose polymer sug-

gested that the mam route to polymer formation
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was via oxidation at carbon-1 to gluconic acid.

However, comparison of the rates of dimerization

of simple hydropyranols as model carbohydrates

indicated that one of the primary reactions in-

volved was dimerization of the radical, derived by
abstraction of a hydrogen atom from the carbon

of the primary alcohol group, dimerization via the

secondary alcohol group being neghgible.

Further support for the importance of the pri-

mary alcohol group at carbon-6 in the formation

of the polymer was obtained from the polymer
yields of a large number of these model carbo-

hydrates. Low polymer yields (about 7.0 per cent)

were obtained when a secondary hydrox>d group

was present in the reducing (I) or nonreducing posi-

tion (II). Similarly, extremely low jdelds were ob-

tained from meso-inositol and cyclohexanol (about

3 per cent). However, the introduction of a primar}'

alcohol group into the basic tetrahj^dropyran struc-

ture (III) resulted in a large increase in polymer
yield (20 per cent).

H

H

I\h
H

H

O

OH
II

CHoOH

OH

CH.OH

III

CHO

/

-0. -0

OH
IV

The further increase in poh-mer jdeld obtained

with a carboxaldehj^de group at carbon-6 suggested

that polymer formation occurs more readily

through an aldehyde group than a primary alcohol.

As this grouping is known to be a product of the

radiolysis of primary alcohols, subsequent poly-

merization at this site could be an important

secondary reaction in polymer production.

Although these results indicate the importance

of the polymer linkage through carbon-6, even
higher yields (37 per cent) were obtained in the

presence of an additional hydroxyl group in the

reducing position (IV). Further, the polymer
yields from D-sorbitol and L-rhamnose were both

about half that from D-glucose [45 per cent;

—

G

(number of monomer molecules changing per 100

ev absorbed radiation energy) 0.35] despite the

presence of two primary alcohol groups available

for dimerization in the former and their complete

absence in the latter. The predominant reactions in

the polymerization process are, therefore, attack at

the reducing group at the carbon-1 and dimeriza-

tion at the carbon-6 hydroxymethyl.

Confirmation of the production of a radical

associated with carbon-6 was obtained from a

study of the electron paramagnetic resonance

spectra of irradiated crystalhne D-glucose. The

polymer yield from 1 deoxj-D-glucose, where at-

tack at carbon-1 would cease to be an important

factor, should prove of interest in determining the

relative importance of carbons-1 and -6.

The effect of the reducing group is increased by

the presence of a contiguous hydroxjd group at

carbon-2, which seems to indicate that oxidation

of the latter could activate the carbon-1 position.

This is supported by the high polymer yield from

D-glucosamine despite extensive oxidative de-

amination at carbon-2. Whether dimerization, or

oxidation resulting in opening of the pyran ring

occurs at the reducing position is not known.

Apart from monosaccharides and the larger num-

ber of hydropyranols investigated, polymers have

also been obtained from amino acids and amino

sugars, the yield from glucosamine being almost

equivalent to that from glucose. The highest yields

obtained to date have been obtained from unsatu-

rated hydropyranols, e.g., 80 per cent polymer from

6 carboxaldehyde 2,3-dihydro-4H-pyran (V).

Although high yields are obtained from com-

pounds embodying an abstractable hydrogen atom

on the a-carbon atom, polymers have also been ob-

tained from compounds where no such plausible

reaction scheme can be discerned, e.g., oxahc acid.

It appears, therefore, that most organic com-

pounds are capable of producing a high molecular

weight polymer, to a greater or lesser extent de-

pending on the availability of reactive groups, ei-

ther in the parent compound or one of its degrada-

tion products.
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POLYMORPHISM. See Acids, Straight-Chain Carboxylic;

Quantitative Analysis of Mixtures.

POLYPEPTIDES. See Protein Fiber Structures.

POROSITY MEASUREMENT BY RADIATION ABSORPTION*

The property of porous texture, which may often

have great practical value, is possessed in varying

degrees by many natural and manufactured solid

materials. The measurement and control of poros-

ity are often difficult, inaccurate and time-con-

suming by older methods of density measurement.

The porosity of a sohd may be defined as the

volume of interstices measured as a fraction of the

apparent volume. Thus,

(1)

where P is the porosity, Va is the apparent volume

of the solid, and Vt is its true volume.

The most generally used method for measuring

porosity involves pycnometric determinations.^"^

The volume of the pores is calculated from the in-

crease in weight of a porous solid after immersion

in a penetrating liquid of known density

:

P =
W, W,

(2)

where Wx is the weight of sample before immer-

sion, W2. is its weight after immersion, p is the den-

sity of the liquid, and Va is the apparent volume

of the sample. Another method based upon the

same general principle is the gas absorption

method.
These methods are apphcable only to open pores

which are accessible to the hquid or gas. For closed

porosity, the sohd must be ground into small par-

ticles to expose all pores. With such a sample the

true density of the solid material can then be de-

termined. From this value and the weight, the true

volume of the sohd can be calculated and in turn,

the porosity, from Eq. (1). In all these methods

long and difficult procedures are involved; often

the sample has to be destroyed during a determi-

nation.

The X-ray absorption method is a simple and

efficient means of measuring porosity. This ap-

plication is by no means a new one, for it has been

used with some success in this laboratorj^ to evalu-

ate the porosity of storage battery plates. There

are also reports of measurements of the gauge of

compressible or porous materials, such as leather,

cellophane, cloth textiles, rubber blankets, plastic

films, paper, and the hke.* The determination of

the porosity of sandstone in oil field work has also

been suggested. However, the present work repre-

sents probably the first highly critical comparison

of classical and X-ray techniques, and is designed

* From paper in Anal. Chem. 29, 1539 (1957).

to test thoroughly the reliability of the latter as a

routine, commercial procedure for assuring con-

stancy of optimum porosity in fabricated rubber-

composition separators for storage batteries now
supplanting the fragile wood separators used for so

many years.

Theory. The absorption law of X-rays is well

known

:

2.303 log -
-10

i^Xt (3)

where /o is the intensity of the unabsorbed beam, /

is the intensity of the absorbed beam, fi is the lin-

ear absorption coefficient at a given wavelength,

and X is the sample thickness. The basic assump-

tion is that there is no preferred orientation in the

sample under consideration, a condition which may
be tested by diffraction analysis.

When an X-ray beam of large cross section

passes perpendicularly through a porous sohd sheet,

before the intensity of the absorbed beam is meas-

ured the beam will have swept through a known

apparent volume of the substance. Specifically, this

volume is the product of the apparent thickness of

the sample and the area of the sht or of the detec-

tion device in direct contact with the specimen, so

that no beam divergence is involved. It can easily

be seen that

Xa

Vt

Va

and

Xi=Xa{l-P) (4)

where Xt is the true thickness of the sample, Xa is

its apparent thickness, Vt is the true volume swept

through by the X-ray beam, Va is the apparent vol-

ume, and P is the porosity of the sample. The ab-

sorption law as apphed to the porous sohd will

then become

2.303 log- = -fiXail
io

P)

Hence,

1 +
2.303 log -

£0

juXo

(5)

(6)

If the value of the absorption coefficient is accu-

rately known, it will be possible to calculate P
from experiment alh' measured values of Xa ,

I,

and 7o

.

For a porous solid the main difficulty in measur-

ing the absorption coefficient, unless the specimen

is a pure chemical substance for which tabulated

values are available, is the preparation of either a

nonporous sample of the same substance or a sam-

ple of known and uniform porosity. The latter al-

ternative was chosen.

Experimental Techniques and Results. Den-

sity Measurements. As a typcial manufactured
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product, the utility and performance of which de-

pend upon correct porosity, a rubber-composition

storage battery separator (vulcanized rubber with

filler such as lignin) was the porous substance

chosen to illustrate this method. A separator must

permit diffusion of sulfuric acid, but insulate

charged plates from each other and resist short cir-

cuiting from the "treeing" of metalHc lead in the

charged, negative plates. Heretofore, the adequacy

of separators could be tested only over periods of

time in a battery.

The separator was ground with a steel file into

200-mesh powder so that its true density could be

measured. The product obtained was tested colori-

metrically for iron contamination with 4,7-di-

phenyl-l,10-phenanthroline.^ The test was nega-

tive. The powder was then dried over magnesium
perchlorate under vacuum and weighed into cali-

brated 5- and 10-mm volumetric flasks. The pycno-

metric density measurements were made in the

usual way and gave an average of 1.293 g per ml.

Next, the separators were cut into rectangular

strips. The apparent volume of each strip was fle-

rived from the product of width, length and thick-

ness as measured with a micrometer to ±0.1 mil.

These strips were dried over magnesium porclilo-

rate under vacuum and weighed. Their true vol-

umes were calculated from their weights and den-

sity. The porosities of these strips computed from

Eq. (1) are listed in Table 2 for direct comparif^on

with X-ray absorption results.

X-ray Measurements. Apparatus. The source

employed was a molybdenum target, high intensity

tube operated at 40 kv and 10 ma. Intensities of

the X-ray beam were measured with a recently

calibrated Victoreen roentgenometer, with a fixed

slit and geometry with respect to X-ray source and

sample.

Determination of Absorption Coefficient. A "Lu-

cite" powder-sample holder was constructed with

a volume of 4.578 ml. If a known weight of the

powder is placed in the holder and gently shaken

until the particles are evenly distributed, the true

thickness of the sample can be calculated by the

following equation

:

Table 2. Determination of Porosity
BY X-RAY Absorption

X,
X,W

pVh
(7)

Table 1. Determination of Linear
Absorption Coefficient

Sample
Weight,
Gram

0.9561

0.4321

0.5540

True
Volume
of Sam-
ple, Ml

0.739

0.334

0.428

True
Thick-
ness of

Sample,
Mils

70.1

31.7

40.6

/, r per
Minute"

30.1 ± 0.2

51.5 ± 1.5

44.0 ± 1.0

log

0.4310
-0.1978

0.2656

Linear
Absorp-
tion Co-
efficient

M Mil-i

X 10-2

1.42

1.44

1.50

"^ Average of four readings for each run; exposure time, 2

minutes.
" 7o = 81.2 = 2.7 r per minute. It was measured from time

to time. Valve given is average of eight measurements; ex-

posure time, 2 minutes.

Porosity

Apparent
I, r per
Minute"Thickness of

Sample, Mils
X-ray

Pycnom
eter

26.8 91.0 ± 2.3 -0.0655 0.613 0.555

27.1 88.3 ± 2.2 -0.0785 0.551 0.563

27.6 85 ± 0.5 -0.0951 0.454 0.552

27.1 87.5 ± 1.7 -0.0825 0.518 0.553

26.2 85.9 ± 2.2 -0.0905 0.475 0.556

62.4 69.6 ± 1.7 -0.1820 0.538 0.553

53.9 70.8 ± 1.5 -0.1744 0.488

81.5 60.8 ± 1.2 -0.2426 0.529

108.6 56.9 ± 1.3 -0.2694 0.607

134.8 48.8 ± 1.2 -0.3356 0.606

Av. 0.538 0.555

" Average of three readings for each run; exposure time, 2

minutes. , .

^ h = 105.8 ± 3.4 r per minute. It was measured from

time to time. Value given is average of six measurement; ex-

posure time, 2 minutes.

where Xt is the true thickness of the sample in

mils, Xn is the depth of the holder in mils, W is

the weight of the sample in grams, p is the true

density of the sample, and W is the volume of the

holder in milliliters. W/p represents the true vol-

ume of 1ho sample. It is unportant that the grain

size of the sample be uniform so that the porosity

of the sample in the holder will also be uniform

and X, will be constant throughout the area of the

holder.

An unfiltered beam is not suitable for this de-

termination, as the apparent absorption coefficient

will not be a constant at various thicknesses of the

sample because of differential absorption of the

softer radiation; the value for the absorption co-

efficient will be a function of thickness as well as

of the intensity of the X-ray beam used.

To solve this problem, two convenient alterna-

tives are available. The first is to filter the beam

with the substance being measured at such a thick-

ness that only the higher energy components of the

beam can pass through. The second alternative is

to use a zirconium oxide filter to obtain an approxi-

mately monochromatic beam, as only the a dou-

blet of the molybdenum radiation will pass through

the filter. In this experiment, the latter alternative

was chosen, and a linear plot obtained with a fil-

tered X-ray beam. It is true that, because the

X-ray is not strictly monochromatic, samples of

widely varying chemical composition may not give

this linear relationship. However, it is always pos-

sible to estabhsh, for a sample of a given composi-

tion, an empirical curve relating thickness and log

7//o.

The linear absorption coefficient, m, of the sam-

ple was determined by calculating Xt from Eq. (7)

and bv using Eq. (3). The resuhs are given in

Table 1.

Determination of Porosity. The same strips

whose porosities had been determined by the pyc-

nometric method, were measured for porosity by
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the X-ray absorption method. These strips were

simply placed in front of the slit while the absorbed

beam intensities were being measured.

Porosities were calculated from Eq. (6). The re-

sults are given in Table 2.

Conclusions. The X-ray absorption method does

not seem to give a precision comparable to the

classical method. However, the porosity obtained

by the classical method is the over-all average of

the whole-strip sample, whereas the values deter-

mined by the X-ray absorption method are only

the porosities of small specific portions of the sam-

ple through which the X-ray beam passes. If the

porosities of the samples are not uniform within

themselves, scattering of the results is expected.

The nonuniformity was shown by microradio-

graphs, which were obtained with the use of mono-

chromatic copper radiation of wavelength 1.540A

and enlarged 200 X. These images were decidedly

mottled in appearance. Under these conditions it

is remarkable that the acceptable precision of the

X-ray absorption method is demonstrated by the

rather close agreement between the values ob-

tained for the absorption coefficient; its appHca-

bihty is shown by the fact that the average of the

10 determinations agrees well with the results of

pycnometry determinations.

The unique advantage of the X-ray absorption

method is its abihty to measure the uniformity of

porosity in a given sample. It is rapid and requires

no special treatment or destruction of the samples.

The chief disadvantage is that it is not easily ap-

pUcable to odd-shaped objects of varying thick-

nesses.
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PORPHYRIN IDENTIFICATION BY X-RAY POWDER PAT-

TERNS

The characterization of porphyrins by the X-ray

powder method is of particular interest because of

the limited reliabihty of melting points and spectra

within this class of compounds. Alkyl or carboxyl

rich porphyrins often melt under decomposition

and charring.^'
'^' ^ The tetracarboxylic and octa-

carboxylic porphyrins show double melting points

and transitions in the solid state.*' ^ As a result, the

melting points are frequently found to depend on

the rate of heating. Visible spectra are often iden-

tical or nearly so, e.g., for the etioporphyrins I, II,

III and IV, mesoporphyrin IX, mesoporphyrin IX
dimethylester and hematoporphyrin. Infrared spec-

tra have been used successfully for differentia-

tion.*^'
'' Only few infrared data are available for

position isomers; however, in one case no differ-

ence was found in the spectra of the copropor-

phyrin methylesters I, III and IV*' *" in solution.

Mull spectra tended to be unsatisfactory with car-

boxyl rich porphyrins, since the polymorphic forms

present were altered during mulling.

The identification of porphyrins is of importance

for the comparison of naturally occurring sub-

stances, which are often mixtures, with synthetic

specimens. Thus the uroporphyrins found under

pathological conditions are a mixture of position

isomers®' " and porphyrins found in petroleum seem

to consist mainly of closely related etioporphy-

rins."' ^" Exact identification of these compounds

may facilitate the investigation of the biosynthesis

of porphyrins and the conditions for the formation

of petroleum. Synthetically prepared porphyrins

consist of position isomers also, if, in their prepara-

tion the dipyrryl compounds can condense in more

than one way. Porphyrins possess a cychc structure

composed of four pyrrole nuclei linked by methine

bridges. This cychc structure is aromatic and there-

fore planar. Usually derivatives are obtained by

substitution on the beta positions of the pyrrole

rings only. Metal complexes in which the metal is

hidden in the center of the ring system can also be

prepared. Despite the structural similarities, closely

related porphyrins, their position isomers and

metal complexes can be readily distinguished by

powder patterns.^'
"' " Other complex substances

with structural similarities have been differentiated

by this method with good results, e.g., steroids'"^'
^^

and aromatic hydrocarbons.^'

Earlier work on porphyrins made use of optical

measurements on crystals'^' ^^- ^° and powder pat-

terns*- ^' -^ to help prove identity between prepara-

tions obtained by different routes. It was also

shown that one could differentiate etioporphyrin

I and 11^ and optical isomers of mesodesoxopyro-

pheophorbide a methyl ester and mesophyllo-

chlorin III methyl ester." D-spacings and intensi-

ties were reported for 19 porphyrins,'' 10 porphyrin

methyl esters,"' " Cu etioporphyrin 11,"^ and he-

min.-* Table 1 Hsts the powder patterns for which

data have been reported so far. The patterns of

position isomers were found to differ widely from

each other. It was also found, for example, that the

esterification of mesoporphyrin IX and pyropheo-

phorbide a produced different patterns as well as

the addition or shift of one mole of hydrogen be-

tween etioporphyrin II and etiochlorin II, proto-

porphyrin IX dimethyl ester and mesoporphyrin

IX dimethyl ester or phylloerythrin methyl ester

and pyropheophorbide a methyl ester. Introduction

of metal altered the patterns with the exception of

Co and Cu etioporphyrin II which showed an iden-

tical pattern. For illustration the data for the four

possible isomers of tetramethyltetracarbethoxypor-

phyrin are shown in Table 2.

in the small cross section studied, no effect of

the crystalhzation solvent was observed except in

the cases of the tetra and octacarboxylic porphy-

rins. However, even for porphyrins containing few
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Table 1. Porphyeins for Which X-ray Powder Data are Reported in the Literature.

Compound Final Crystallization Solvent Reference

1. Etioporphyrin II Chloroform-methanol, pyridine, ether,

acetic acid

3

2. Etioporphyrin III Ether, chloroform-methanol 3

3. Octamethylporphyrin Dimethylformamide 3

4. Ni etioporphyrin II Ether 3

5. Cu etioporphyrin II Ether 3, 23

6. Co etioporphyrin II Ether 3

7. Ni octamethylporphyrin Dimeth3dformamide 3

8. Protoporphyrin IX dimethyl ester — 13

9. Mesoporphyrin IX dimethyl ester — 13

10. Mesoporphyrin I dimethyl ester — 13

11. Deuteroporphyrin IX dimethyl ester — 13

12. Mesoporphyrin IX Pyridine -acetic acid, ether, acetone 3

13. Ni mesoporphyrin IX Pyridine-acetone, acetic acid, ether 3

14. Etiochlorin II Hexane -methanol, hexane 3

15. Ni etiochlorin II Hexane -methanol 3

16. Coproporphyrin I tetramethyl ester — 13, 14

17. Coproporphyrin II tetramethyl ester — 14

18. Coproporphyrin III tetramethyl ester — 13, 14

19. Coproporphyrin IV tetramethyl ester — 14

20. Uroporphyrin I octamethyl ester — 13

21. Uroporphyrin III octamethyl ester — 13

22. Tetramethyltetracarbethoxyporphyrin I Pyridine, chloroform 3

23. Tetramethyltetracarbethoxyporphyrin II Chloroform by evaporation at room
temperature

3

24. Tetramethyltetracarbethoxyporphyrin III Pyridine -methanol, pyridine -chloro-

form
3

25. Tetramethyltetracarbethoxyporphyrin IV Pyridine, chloroform 3

26. Phylloerythrin method ester Pyridine-methanol, ether-met hanol 3

28. Pyropheophorbide a methyl ester Ether 3

28. Pyropheophorbide a Acetone, pyridine -ether 3

29. Chlorin-ee trimethyl ester Pyridine -hexane, ethjdenen dichlo-

ride-hexane

3

30. Hemin — 24

carboxyl groups molecular addition compounds
with solvents have long been known. Such addi-

tion compounds are formed by phjdloerythrin and
chloroform-^ and by magnesium complexes with

water, pyridine or piperidine,"'' a pattern different

from the parent porphyrin is then to be expected.

The change in patterns observed when the tetra

and octacarboxylic porphyrins are crystallized from
different solvents seems to be caused by poly-

morphism rather than by addition compounds since

the analysis indicates absence of solvent while

double melting points as well as other phase

changes reveal polymorphism at elevated tempera-

tures. For comparison, only corresponding forms
which are at equilibrium at the same temperature
can be used. Heating may become necessarj^ par-

ticularly in view of samples which are only par-

tially crystalline. It appears that the carboxyl-rich

porphyrins exhibit a greater tendency for polymor-
phism then porphyrins with fewer polar groups,

although for etioporphja^in I polymorphs have been
found also.^ Mixed crystallization frequently pro-

duces a pattern which is either essentially^ identical

with that of one of the components or different

from both, but usually no superimposed patterns

are obtained as are found with macroscopical mix-

tures. Thus uroporphyrin III methyl ester cannot

be distinguished from uroporphyrin mixtures con-

taining it,^ nor can Cu coproporphyrin III from its

mixture with the corresponding isomer IV.*

In both cases the pattern of the isomer III pre-

dominates. The same coproporphyrin methyl es-

ters, after removal of the copper, yielded a pattern

different from either component. It has been found

that the presence of a mixture is indicated by a

strong increase in solubility and a decreased tend-

ency to crystallize. Since often more amorphous

material is formed, diffuse powder diagrams with

fewer lines result. However, well-crystalhzed mix-

tures have also been observed. Thus, the uropor-

phyrin I and III methyl esters gave a sharp powder

pattern at a composition of 25 per cent isomer I

while the other compositions yielded only few dif-

fuse lines.^^ The 25 per cent composition appears

to be a eutectic because of a minimum in the melt-

ing point curve. A further complication can arise

by association compounds between porphyrins; an

indication of the existence of such compounds can

be seen, for instance, in the behavior of copropor-

phyrin I and II as well as III and IV methyl
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Table 2. D-Spacings and Intensities for the Isomers of

Tetramethyltetracarbethoxyporphyrin.3

Range of d-spacings

14.00-15.00

13.00-14.00

12.00-13.00

11.00-12.00

10.00-11.00

9.00-10.00

8.00-9.00

7.00-8.00

6.00-7.00

5.00-6.00

4.00-5.00

3.50-4.00

3.00-3.50

2.50-3.00

2.00-2.50

Isomer I

d,A

14.44

11.51

1%

15

40

Isomer II

d,A

14.83

1%

15

7.41 12 7.55 5

7.28 20

6.36 10 6.80 3

6.01 5 6.32 10

5.81 3 5.71 20

5.53 3 5.37 20

5.28 6 5.06 1

4.66 20 4.76 5

4.40 7 4.57 3

4.18 6 4.30 1

4.08 5

3.84 7 3.77 15

3.73 5

3.45 100 3.47 100

3.30 10 3.40 5

3.06 5 3.23 1

3.13 7

3.03 5

2.909 3 2.872 1

2.831 7 2.778

2.752 2 2.638 1

2.647 2 2.640 1

2.569 5 2.569 3

2.406 4b 2.467 2

2.315 5 2.391 5

2.208 3 2.290 5

2.141 4 2.223 2

2.106 8 2.104 3

2.050 2 2.049

2.018 2 2.018 1

Isomer III

d,A

..75-2.00 1.972 2 1.966 5b

1.934 2 1.917

1.873

1.757

0.5

1

5

L. 50-1. 75 1.736 8

b-broad

13.99

1%

1.736

100

Isomer IV

d,A

13.51

10.16

9.35

1.749

1%

40

5

20

8.35 1

8.00 10

7.53 10 7.79 10

7.10 1

6.91 20

6.12 20

5.69 0.5 5.57 5

5.10 2 5.09 15

4.69 0.5 4.58 7

4.25 2 4.43 10

4.13 3

4.05 7

3.84 2 3.88 5

3.72 10

3.48 100 3.48 100

3.39 20 3.35 7

3.17 5 3.28 3

3.12 10

2.982 4

> 2.872 3

2.743 5

2.687 5

2.606 3

2.510 2

2.450 3

2.400 3

2.312 2

2.245 5

2.203 2

2.158 1

2.129 2

- 2.079 3

2.044 1

2.019 4

1.936 5

1.868 5

10

esters which pairs cannot be separated into the in-

dividual compounds by paper chromatography.^"

Powder patterns from mixed crystalhzations have

been used for the identification of unknown por-

phyrin aggregates, whose separation was difficult,

by comparison with an artificial mixture of pure

compounds which were suspected to be present in

the aggregate.^' ^^ However, prior separation by
chromatography is the procedure of choice; a re-

view article on the chromatography of porphyrins

appeared recentl^^"'

Cu K alpha radiation was used for all the pow-

der patterns reported in the literature. It was found

convenient to average the measurements of a num-

ber of photographs for the same substance, since

diffuse and unsymmetrical lines hmited the repro-

ducibility of the readings. Usually, the photographs

had more lines at higher angles, 2e, than are re-
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ported; in order to measure these lines without

uncertainty, overexposure of the low-angle portion

becomes necessary.'' Ambiguities are also intro-

duced by the frequent occurrence of closely spaced,

multiple lines. The use of Cr K alpha radiation is

then indicated."^
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PORTLAND CEMENT COMPOUNDS: CRYSTAL STRUCTURES

Portland cement is made by heating a properly

proportioned mixture of limestone and siliceous

* Written during association with School of

Pharmacy, University of Marvland, Baltimore.

materials, such as clay or shale, in a rotary kiln at

1400 to 1500C. The resulting product, known as

"clinker," is then mixed with an adjusted amount
of a retarder, such as gypsum or plaster, and is

ground to a specific fineness.

Portland cement compounds can be divided into

two main classes: (1) clinker compounds, the anhy-

drous compounds formed in the commercial

clinker; and (2) hydrated cement compounds, the

phases formed when the cement is in use.

Crystal Structures of the Clinker Compounds.
A typical clinker contains four main crystalline

phases: 70 to 75 per cent of tricalcium sihcate

(3CaO-SiOo or C3S*) and /S-dicalcium silicate

(/S-CaS), up to 15 per cent of tricalcium aluminate

(C3A) and a ferrite phase .^"- A summary of the

crystallographical data for these compounds and

other related calcium aluminates and siHcates is

given in Table 1.

Tricalcium Silicate (SCaOSiO^). The exact

structure of pure C3S is still unknown, but CsS

containing small quantities of MgO and AbOa in

solid solution is known as "alite." The rhombo-

liedral pseudostructure of CsS has been worked out

by Jeffrey;^ it is built from SiOi tetrahedra to-

gether with separate calcium and oxygen ions.

Each Ca ion is coordinated by six oxygens in an

irregular arrangement, and "holes" are present in

the lattice adjacent to the loosely coordinated

sides of the Ca atoms. The C.jS lattice structure

is shown in Fig. 1 and 2. Yamaguchi and Miyabi*

re-examined the structure and determined the cell

dimensions from measurement of interplanar spac-

ing (d) over the range 3.06 and 1.45A.

(B-Dicalcium Silicate i^-C^S). There are four

polymorphous forms of C2S, designated a, a', ^,

and 7, formed in the temperature range of to

1600°C. The structure of the /3-modification, a ma-
jor phase in the cement clinker, was determined by

Midgley" in 1952. Extensive X-ray powder data

were later reported bv Yannaquis'' and reviewed by

Heller and Taylor.'

The SiOi tetrahedra in the unit cell are linked

to two types of Ca ions. Four of the eight Ca ions

with coordination number 6 are positioned alter-

nately above and below SiO* tetrahedra in the Y
direction, and the remaining four Ca ions having

coordination number 8 are accommodated between

the tetrahedra.' The structure of /3-CoS projected

along the b axis, as proposed by Midgley, is shown

in Fig. 3.

Tricalcium Aluminate (3CaO- Al.Os). Biissem

and EiteF proposed a pseudostructure for C3A and

determined the cell size and the space group. In

1952 Ordway'° developed the technique of growing

large C3A single crystals from a melt of the pure

oxides by employing a hot-wire method. The X-

ray symmetry was established from the Laue pat-

terns by Ordway, but the structure determination

is still in process
."^^

Al ions and Ca ions both have different coordina-

tion arrangements in the structure. Those Al ions

* Chemical notation in cement chemistry (C —
CaO, A = AL0O3 , S = SiO^ , F = Fe^Os and M =
MgO) will be used in this article.
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Table 1. Structural Data of Anhydrous Portland Cement Clinker Compounds.

Unit Cell
No._

atomic
Dimensions [A) units

per
unit
cell

Compound System Space Group Reference

a b c /3

CsS hexagonal 7.0 25.0 R3m 9 Andersen and
Lee^o

C3S hexagonal 7.078 24.94 'Daniel and
Hellner^i

C3S triclinic 12.195 7.104 25.096 a = 90°

^ = y = 89°44'

Yamaguchi and
Miyabi^

C54Sl6AM(?)
(alite)

C54Sl6AM(?)

monoclinic 33.08 7.07 18.56 94°10' Cm 2 Jeffery42

monoclinic 33.091 7.045 18.546 94°08' Yamaguchi and

(alite) Miyabi"*

«-C2S hexagonal 5.40 7.00 Greene*^

a:-C2S hexagonal 5.45 7.18 C3m Bredig44

«-C2S trigonal 5.46 6.76 2 Douglas*^

o;-C2S 21.80 21.54 Midgley^

a'-C2S orthorhombic 5.30 9.55 6.78 Pmcn Bredig^*

(bredigite)

«'-C2S 10.93 18.41 6.75 Pmnn 16 Douglas'*^

(bredigite)

i3-C2S monoclinic 5.48 6.76 9.28 94°33' P2i/n 4 Midgley^

(larnite)

7-C2S orthorhombic 5.06 11.28 6.78 Pbnm 4 O'Daniepe

C3A cubic

cubic

15.2

15.22

Th
T\-Pa3

24 Biissem^
Ordwayio

C2F orthorhombic 5.34 Bussem47

C2F orthorhombic 5.32 14.63 5.58 r^ 4 Malquori and
Cirilli33

C4AF orthorhombic 5.34 14.44 5.52 vf 2 Bussem-i^

C4AF orthorhombic 5.26 14.42 5.51
(Imma)

2 Malquori and
Cirilli33

C6A2F orthorhombic 5.22 14.35 5.48 vf Malquori and
Cirilli33

CA monoclinic 8.837 8.055 15.25 10°36' P2i/n 12 Heller^s

C12A7 cubic 11.95 Bussem^'^

CS (pseudo- triclinic 6.82 6.82 19.65 a = ^ = 90°24' PI or 12 Jeffery and

wollastonite) y = 119°18' PI Heller^^

Hilmer^s

CS (wollasto- triclinic 7.88 7.27 7.03 a = 90°, /3 = PI 6 Warren and

nite) 95°16'

y = 103°25'

Biscoe^o

CS (parawol- monoclinic 15.33 7.28 7.07 95°24' P2i/C, 12 Barnick^i

lastonite) P2i Dornberger-
Schiff, Lei-

bau and
Thilo^2

C3S2 monoclinic 10.55 8.88 7.85 120.1 P2i/a 4 Moody^2
(rankinite)

C3S2 orthorhombic 11.42 5.09 21.95 Imam or 8 Agrell and

(kilchoanite) Ima2 Gay93

or "phase z" Roy, Card, Ni-

(Roy) col and
Taylor^ib

•at the centers of the side of the cube are surrounded structure are irregularly coordinated by nine oxy-

by six oxygens, and other Al ions at the centers of gens.

the faces are surrounded by four oxygens in a plane. Yannaquis^- obtained an extensive X-ray powder

The Ca ions at the corners of the cube are coor- diagram using Guinier's focusing camera, and a

dinated by six oxygens, and the others within the study of the characteristic extinctions led to the
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064,290

064,290

0.226

064.290

0=Si Q^C^ Q=0
Symmetry plane

Trigonal axis

Fig. 1. Diagram of the bottom layer of the ideahzed or pseudostructure of 3CaO-SiOo . The
second and third layers are identical but displaced by one-third of the lattice spacing in the

direction (110). The figures are thousandths of the cell height (Jeffery'").

Fig. 2. Vertical section of the bottom layer of the pseudostructure of 3CaO-Si02 through

the long diagonal of the cell. Only the oxygen atoms in the symmetry plane are shown, as

plain circles; 1, 2, 3 are sections of Si04 tetrahedron. Calcium atoms are labeled in the

double circles (Jeffery*^).
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UH^
Twin Plane 700

Fig. 3. Structure of i3-2CaO-Si02 projection along b axis;

dotted; Si-black, Ca-hatched, 0-plain circles (Midgley^).
pseudo-hexagonal cell shown

Fig. 4. Silicon-oxygen chains in calcium silicates.

a) Double dreierkette as in xonotlite.
b) Single dreierkette as in jS-CaSiOs (Dent and Tavlor").

suggestion that CsA be in the PmSm space group.

Swanson, Gilfrich and Ugrinic^^ reported even more
high-angle lines in 1955.

The Ferrite Phase. The fourth main phase in the

clinker system is an iron-bearing compound, a

sohd solution of variable composition between

C4AF and CeAFa .^' ^ The elementary cell is ortho-

rhombic with space group Imma and has the gen-



PORTLAND CEMENT COMPOUNDS 804

T3

o3 03

> >
Si

-C
a >, -n

3 5 H c
s S "

c 2 s C ^ :s

t

1 >i
^
S

Pi 03

H z H s S_

-c c 0; 0.

c s c j- g
c3

-t3

> 33

_S C

33

a
W S3 W

u ^ S
e3

o-g.^ t^~ cc --f -<*< ^
^.5

l'^

^ « o3

-3 H

^ c rH

^- -^ ? - §
^ 2 t- J T3

'I ffi M

3

S S3 OJ i; 33 a> g S II

8

^1
is
s

00 o
00 C<I CO
(M CM i-H

C C OC

><

CM CM

t^ t^ l^

C<1 CM rc CM CM »0

c c

e
- - p
c ~

p>% c c != •;
—

3 ~ ~
u t- L^

h H

c „

O S :^ Eh S H

E Z

5 .3 00
-2 3$

^
ffi

^ ffi

03

I3j K ffi S ffl ffi
a '^

^ ffi a ffi
ffi ffi

m i C» M r/) ^ ^ 4 m CC O} ^ ^
PLh 6 u 60

^ tl

s "F

>>
JH

'^
9? 33

c

1
g

-2g s
'0

s

s

op
>>

< 2 s

1

<
-0

1

B

i

i

s
j3

5
•a
03

1

Hillebrandite

Tricalciuin

silica

drate



805 PORTLAND CEMENT COMPOUNDS

m

a

11°
i g

g'" £ 1 ^

1 il lis ^

ofld^od^,=3
O3c3o3*-5o3o3gfi( II

d
03

? 1 -!
d -2 o H
fq O Pi

No Atomic Units

per

Unit

Cell CO oo ^ 00 Oi

i
2

<rL

g II II II

<

11
Q

<j

?53
CO d 00 cm'

^
lO CO

03 (M C^ CO

CD C» ,-H CD

S

o

1 1 al
1 i 11

a a

i|
II

1 1
d "o
o -r*

IS

1^ 1

c

ll
.2 ^

a a
.2 .2

J2
3
6

£

1
o

ii

o

o o £

d

1
c3

s
"2 'd

^ i

^ i

H On
^2

1 i

.g 1 >H N -a

^ — ^ ^ «OP. p.

a
d
o

O
I i

a o



PORTLAND CEMENT COMPOUNDS 806

eral formula CasMe^'^'Me/'Oao . Me''' and Me""'

represent Al or Fe ions in fourfold or sixfold co-

ordination, respectively. The Al or Fe ions, which

are randomly distributed in the solid solution, form

tetrahedral and octahedral layers in the structure

which are linked together by shared oxygens and

by the Ca ions in the interstices. Some of the Ca
atoms are six-coordinated and others are ten-

coordinated.

Crystal Structure of the Hydrated Cement
Compounds. Each component of the portland-

cement clinker hydrates at different reaction rates;

-^a/2 5.6

i
•

Ca ]; + H.O ^
t. A -^

^ b73A

Fig. 5. The idealized crystal structure of tobermorite. Left—projection on (010); Right-

projection on (100); Small full circles are calcium ions. Thick hues outline SiO* tetrahedra.

Thin line represents Ca-0 bonds. (Taylor'' based on results of Megaw and Kelsey'*').

0-375

\0-875

0-125

0-625

(100)

(100)

5 10 A

Fig. 6. IdeaHzed structure of: a) xonotlite, b) /S-CaSiOs (monoclinic form).

Projections on (010) showing heights of atoms as fractions of b. Data from Mamedov
(1955)^^' '' and ToUiday (1956)'^ (Dent and Taylor^").
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Fig.

O Independent Tetrahedra Are
OH S/COjO/i)

7. Simplified structure of C2S a-hydrate. Data from Heller (Lea and Desch^).

also the transformation of the metastable phases
which are initially formed into more nearly stable

or even equilibrium products may occur at various
stages of hydration. The products formed are often
colloidal in nature, which makes them difficult to

identify by either X-ray analysis or microscopic
method. As a result, in addition to studies on the
hydration of cement itself, many studies have been
made of the partial or complete hydration of indi-

vidual clinker compounds^* or on systems contain-
ing fewer components than the cement .^°

Calcium Silicate Hydrates, Heller and Taylor^
gave detailed crystallographical data and refer-

ences for both anhydrous and hydrated calcium
sihcates and grouped the hydrated compounds ac-

cording to different types of Si—O anion. Taylor
reviewed the properties of individual phases of the
ternary system CaO—SiOs—HoO in I960.''*

The fibrous group is characterized by the pres-

ence of infinite (SiOsJ"^ chains with a repeat dis-

tance 7.3A which are known as "Dreierketten"""^^

(Fig. 4). These structures show pseudohalving
caused by repetition of the Ca—O pattern at in-

tervals of 3.65A and reinforced in some cases by
disordered placing of the silicate anions. Calcium
silicate hydrates of this group include nekoite

(CsSeHs), okenite (CS2H2), tobermorite group
(0.8-L5, L5-L95)CaO-Si02 (0-2.5)H2O, xonotlite

(CeSeH), foshagite (C4S3H), hillebrandite (C2SH),
and tricalcium sihcate hydrate (C3SH1.5) (Table
2). The idealized crystal structures of tobermorite
and xonotlite, the most important compounds of

this group, are shown in Figs. 5 and 6.

A second group contains lamellar minerals, such
as truscottite (C2S4H) and gyrolite (CsSsHn).
Compounds like afwilHte (C3S2H3) and C2S a-hv-
drate (Fig. 7) both contain isolated (SiOsOH)-"
groups and are placed in a third class. The remain-
ing calcium silicate hydrates are not yet classified.

Hydration of Calcium Aluminates and Fer-
rites. The study of the ternary systems

CaO—Al20r-H20 and CaO—FesOs—H2O
was reviewed extensively by Jones^° and by Taj'-
lor'"* in 1960. The hydration of calcium aluminates
was discussed with respect to solubility, crystal

structures and phase equilibria under conditions at

1 to 1000°C with water pressure up to 300 atmos-
pheres.^'"^^ Very hmited knowledge is available for
the CaO—Fe203—H2O system or related quarter-
nary systems containing Ca salts such as CaSO*
and CaCL .^""^^ The main difficulty in studying the
CaO—FesOs—H2O system, as pointed out by Jones,
is that no metastable, calcium ferrite supersatu-
rated solutions are formed analogous to the cal-

cium aluminate compounds; consequently, an ap-
proach to equihbrium in forming stable solid

phases is very difficult. Solid-solution series are
present in hexagonal plates and cubic structures in

both

CaO—AI2O3—Si02—H2O

and CaO—Fe203—SiOi^H20 systems."*"^*' Fe*' and
Al""^ are mutually replaceable in the sohd solutions,
and each Si02 substitutes two water molecules
(ISi""* for 4H*) causing a change in unit cell size

of the garnet-hydrogarnet series.^'' ^^ The available
structural properties of these aluminates and fer-

rites are presented in Table 3.

Hydrated Sulfoaluminates. Gjpsum (CaS04
•2HoO) or some other forms of CaSO^ is usually
added to portland cement to retard the rapid set

of C3A. Comprehensive studies of the system
CaO—AI2O3—CaSO^-H2O were made by Jones'"
and by D'Ans and Eick.'^ The authors indicated
the high sulfate form of the calcium sulfoalumi-
nate, ettringite (3CaO-Alo03-3CaS04-32H20), as

the equilibrium product. A metastable low sulfate
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Table 3. Structural Data of Hydrated Calcium Aluminates,

Calcium Ferrites and Related Compounds.

^

Unit Cell
No.

Atomic

Compound System
Dimensions (A)

Units
Per

Reference

a b c ^

Unit
Cell

C4A3H3
C3AH6

orthorhoinbic 12.78 12.42 8.90 4 Percival and Taylor^^

cubic 12.576 8 Thorvaldson,"^^ et al.,

Brandenberger,^^ Midgley^^

«-C4AHi3 hexagonal
plates

5.7 8.2 H Buttler, Dent Glasser and

Taylor," Roberts, '^ Midgley^^

^-C4AHi3
C4AH13

((

5.7

3.36

7.9

7.9
H

Feitknecht and Gerber^^

C4AH19
(( 5.7 10.6 H Roberts^s

a:i-C4AHi9 hexagonal (?) 5.77 64.08 3 Aruja^o^

Q!2"C4A.Jrl 19 hexagonal 5.77 21.37 1 Aruja^o^

a-CoAHs
a 5.7 10.7 1 Roberts, ^8 Midgley,^^ Aruja^"^

i3-C2AH8

CAHio hexagonal

5.7

9.45

10.4

14.6

1 Roberts, 78 Midgley,'^ Aruja^"^

Brocard^o

CAHio
prisms

? ? X Carlson^i ^nd Midgley^^

C6AH33 hexagonal
needles

11.1 10.8

(?)

1 Flint and Wells^^

C3FH6 cubic 12.71 Eiger,82 Lea and Bessey,^^

Flint, et al.^^

C3FH6 cubic 12.74 Malquori and Cirilli^^

C4FH14 hexagonal 3.42 8.0 Feitknechts^

C2ASH8 hexagonal 8.85 12.66 Fratini and Turriziani^^

Natural hydrocalu- monoclinic 9.6 11.4 16.84 69« 4 Tilley, Megaw and Hey^^

mite
a 9.9 11.4 16.84 IIP Buttler et al.''

C3A-3CaS04-32H20 hexagonal 11.10 21.58 Midgley,''^ Bannister,^^ Lea

C3A-CaS04-12H20 hexagonal 11.23 22.14 Midgley,^^ Roberts,^^ EitePa

form, 3CaO-Al203-CaS04-12H20, also exists, but it

enters into solid solution with the tetracalcium

aluminum hydrate SCaO- Ala03'Ca(OH)2-12H20

and has no separate field of existence.^'-^'' Some_

corresponding sulfoferriteswere also prepared,^-' ^^' ^'

but their structures are not yet known.
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PORTLAND CEMENT, QUANTITATIVE X-RAY DIFFRACTION

ANALYSIS OF

Composition of Portland Cement. Tornebohm'

identified five phases in portland cement by micro-

scopic examination. He named four of these phases

—ahte, belite, celite and felite. The fifth phase was

a transparent optically isotropic interstitial phase.

Ahte has since been shown to be tricalcium sihcate

(symbolized CsS by cement chemists*) containing

a 'small amount of AI0O3 and MgO in solid solu-

tion." BeUte and fehte are basically dicalcium

(CoS) sihcate, belite being the |3-modification with

AI2O3 and MgO in solid solution. Felite is usually

not present. Celite is an interstitial phase that

contains iron, and is now known to be a sohd so-

lution of AI2O3 in calcium ferrite wherein Al re-

places Fe.^' *• ^ In Portland cements the molar ratio

Al/Fe is in the range from 0.5 to 2.0. Usually the

ratio is nearly 1, and for a time this solid solution

was thought' to be a definite compound called

Brownmillerite^ or tetracalcium aluminoferrite

(C4AF). The isotropic interstitial phase is trical-

cium aluminate (C3A).

All of these compounds react with water, so it

is not possible to analyze cement directly for its

"compound composition" by wet chemical methods.

A microscopic^' ^ method has been used for direct

* In order to express the compositions of com-

pounds comprising cement, cement chemists com-

monly use the initial letter of the symbol of an

element as a symbol for its oxide : C is used as a

symbol for CaO; S, SiO^; A, ALO3; F, Fe.Os; M,
MgO; and H, H2O.

analysis, and a method of calculation of the "poten-

tial"' compound composition from the oxide analy-

sis of the cement has been developed."'
'°' ^^ The

calculation assumes that equilibrium was reached

in the kiln and maintained during cooling of

the clinker. The actual composition of the cement

is usually different from the potential compound

composition. The microscopic analysis is tedious,

and subject to errors, the greatest of which is

caused by the inability to measure precisely the

sizes of the smallest particles of the different phases

that are visible in the light microscope. Quantita-

tive analysis by X-ray diffraction is the best way,

in principle, of obtaining the compound composi-

tion of Portland cement.

X-ray analysis is subject to two difficulties: (a)

overlapping of X-ray lines, and (b) variation in

line intensity and position caused by variations in

composition of the ferrite phase. Two procedures

for analysis were developed.^' ^^ In the first, called

"combined method," the oxide analysis of the ce-

ment is combined with X-ray line intensities to

calculate the compound composition of the cement.

In the second, the X-ray method, only X-ray in-

tensities and the d-spacing of the 141 line of the

ferrite phase^ are used. The first method is more

])recise, and probably more accurate than the sec-

ond method becau.^e the oxide analysis of the ce-

ment can be determined chemically, almost with-

out error, and this analysis supplants a part of the

information that must otherwise be obtained from

X-rav examination.

To' obtain calibration data four different compo-

sitions of the ferrite solid solution, eleven ahte-

belite mixtures and pure tricalcium aluminate were

prepared. The compositions of the ferrite solid so-

lutions were 2CaO-Fe203, 6CaO- Al203-2Fe.03

,

4CaO-Ab03-Fe203 and 6CaO-2A1.03-Fe203 .
The

ahte-belite mixtures ranged in composition from

almost 100 per cent alite to almost 100 per cent

behte. Silicon was used as the internal standard.

Intensities were measured by integration of the

diffraction lines.

Analysis for Tricalcium Aluminate and Cal-

cium Aluminoferrite. The calibration data for the

determination of tricalcium aluminate and calcium

aluminoferrite were obtained by using mixtures of

the materials mentioned above to synthesize arti-

ficial Portland cements. The cements were pre-

pared by adding known amounts of tricalcium

aluminate and one of the ferrite solid solutions to

the 1 to 1 ahte-belite preparation. Three different

proportions of tricalcium aluminate to ferrite were

employed; sixteen artificial cements were prepared.

The' strongest hues of tricalcium aluminate and

the ferrite phase were used for the analysis. The

C3A line has the spacing 2.71A, the ferrite line, 141,

ranges from about 2.68 to 2.62A. The 200 line of

the ferrite sohd-solution phase^ is superposed upon

the 141 line, and also upon the strongest tricalcium

aluminate hne. Both the position and intensity of

the ferrite hues depend upon the composition of

the solid solution. The 200 hne spacing may be

smaller than, equal to, or larger than the spacing

of the strongest tricalcium aluminate line. In most

Portland cements, the spacing of the 200 ferrite
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line is smaller than 2.71A. Thus the correction to

the apparent intensity of both the aluminate and
the ferrite line depends upon the composition of

the ferrite.

To prepare diffraction charts for planimetric in-

tegration, the total area due to these two compo-
nents is divided into two parts. One part is the
area under a nearly symmetrical line whose
breadth and height is determined wherever possi-

ble by the peak at 2.71A. Occasionally no definite

peak can be seen. The height of the peak is then
taken as the height of the trace at 2.71A minus a
small correction for overlap of the nearest alite-

behte line. The breadth of the line is then based
on that of well-defined tricalcium aluminate lines

that appear in normal portland cement patterns.

This area comprises all of the tricalcium aluminate
reflection and a part of the ferrite solid solution
reflection. The remainder of this portion of the
pattern, above background, is due entirely to fer-

rite. Let Ra and Rf be the ratio of the area of the
2.71A peak and of the area of the remainder to

that of the 111 silicon line respectively, Pa , Pf
,

and Po be the weight fractions in the sample of

tricalcium aluminate, ferrite solid solution, and
silicon respectively, and v be the molar ratio of

aluminum to iron in the ferrite solid solution.
Then, for tricalcium aluminate

Pa
Po

Ma - f{v)RF] (1)

where /x is a constant determined from the calibra-

tion mixtures. The function j{v) was assumed to
be a quadratic in v, the coefficients of which are
also determined from the calibration data. The
term j(v)Rf is the correction to be made to Ra to
give the intensity of the 2.71 line of tricalcium
aluminate.

For the ferrite sohd solution phase

TT - 9dv){RF + g2(v)RA (2)

where the proportionahty factor, gi(p), and the
correction to be made to Rf

, g2(p)RA, are both
functions of the composition of the ferrite sohd
solution. The functions gi(v) and gsiv) were as-
sumed also to be quadratic in v.

In the "artificial" cements v was known, and the
appropriate calibration constants were determined.
In Portland cement either p must be determined
from the position of the 141 ferrite line^'

'"• " or
the oxide composition of the cement may be used
to get sufficient information to solve Ens. (1) and
(2).

The uncertainty in the determination of v from
the position of the 141 line of the ferrite phase be-
comes significant when there is insufficient ferrite
in the cement to produce a distinct peak or when
the composition of the ferrite phase is not ho-
mogeneous.^* Under these conditions much more
accurate results are obtained by using the oxide
analysis of the cement. In this case, one assumes (1)
that all the ferric oxide is in the ferrite solid-solu-
tion phase, and (2) that any ferrite solid solution
can be expressed by the general formula

2(m + n)CaO-mAlo03-nFeo03.

These assumptions lead to the relationship

[k, k2]wF (3)

where Pci and kz are the molecular weight ratios

2CaO-Fe.03/Fe203 and 2CaO • Al203/Fe203 , respec-
tively, and Wf is the weight fraction of Fe203 in
the cement. Simultaneous solution of Eqs. (2) and
(3) for p and Pf presents a problem because Eq.
(2) is of 4th degree in p. For most portland ce-

ments p is nearly 1, consequently, a Taylor expan-
sion of Eq. (2) around p = 1 was made, and termv
higher than second degree were neglected. The re-

sulting equation can easily be solved simultane-
ously with Eq. 3. If z/ is determined from the X-ray
diffraction pattern, Eq. (3) as well as Eq. (2) can
be used to estimate Pf .

After p has been determined, either from the po-
sition of the 141 ferrite line, or by solution of Eq.
(2) and (3) simultaneously, Eq. (1) is used to cal-

culate the percentage of tricalcium aluminate.
Analysis for Alite and Belite. The compositions

of the ahte-belite mixtures used to obtain calibra-

tion curves were determined by correcting for un-
combined CaO (by chemical analysis) and for tri-

calcium aluminate (by X-ray analysis). It was
assumed on the basis of Jeffery's work" that one
molecule of AI2O3 with one molecule of MgO re-

placed two molecules of SiOa . The alumina in the
siHcate phases was then the difference between the
total alumina in the mixture and that in the small
amount of tricalcium aluminate present. The
amount of MgO in the silicates was assumed to be
the molar equivalent of the amount of alumina in

the silicates.

The determination of ahte and belite is comph-
cated by the fact that every belite line sufficiently

intense for X-ray quantitative analysis overlaps an
alite line, and vice versa ; but overlapping lines can
be used.^" The diffraction hues selected for the de-
termination of the sihcate phases were those at

1.77A and 2.20A. The former is a relatively strong
line for ahte, but weak for belite. The latter is

about equally strong in both alite and behte. As a
result the ratio of the intensities of these two hnes
is sensitive to the relative amounts of alite to
behte, and the intensity of the 1.77A line is sensi-

tive to the amount of ahte, but not sensitive to the
amount of behte. If Ri and R2 are the intensities

of the 1.77 and 2.20 lines relative to the intensity
of the 3.14A line of Si, one would expect Eq. (4)
and (5) to hold for an ideal svstem:

B, = a^X^ + 0C2X2

R2 = |3^X^ + ^2A^

(4)

(5)

where ai , ao
, /3i and ^2 are proportionality con-

stants and Xx , X2 are weight ratios of alite and
belite to sihcon, respectively. The relative intensi-

ties from the calibration mixtures did not fit these
equations. Equation (4) was replaced by

Ri = aid + yxWr)Xx + a.d + 72U-2)X2 (6)



POWDER DIFFRACTION—ABSORPTION METHOD 812

where

Xi

Xi + X2
(7)

is the weight fraction of the siHcate component i

in the total siHcate phases. Since R2 is not sensitive

to the relative amounts of alite and belite, Eq. (5)

was replaced by

_ Ri _ cxA + yiw^)X, + 0^2(1 + 72^2)^2
^g^

^' ~ R^~ /3iXi + /32X2

and Eqs. (6) and (8) were rearranged to give

R,
Awr + Bwo — a -\-

Xi + X,
= (9j

Aw.^ + (B + CR,)wi - « + ^i?3 = (10)

where A, B, C, a, and ^ are parameters evaluated

from the calibration data by least squares. These

two empirical equations fit the data well. Both

equations are necessary for a suitable evaluation

of the parameters, and for the evaluation of the

amounts of alite and belite when only X-ray in-

tensities are used. If, however, the oxide analysis

of the cement is used, only Eq. (10) is necessary.

Equation (10) can be solved for the weight fraction

of behte, W2 , in the silicate phases ; then either the

amount of calcium oxide or the amount of silica

in the siHcate phases enables one to calculate the

amount of alite. The two methods of calculation

give resuHs that agree weU with each other.

Comparison of the X-ray Methods with Each

Other and with Potential Compound Composi-

tion Calculations. From the discussion above it is

clear that either of two methods of analysis based

upon X-ray examination of portland cement can

be used. One of them combines the use of a chemi-

cal oxide analysis with certain X-ray data to cal-

culate the composition of the cement, the other

depends only upon X-ray information. The com-

bined method gives somewhat more accurate re-

sults. This is shown by the fact that the sum of the

four major phases calculated by this method agrees

better with the sums of the oxides comprising the

phases as determined by chemical analysis. The

results of the all X-ray method for three of the

four phases are in good agreement with the results

of the combined method, and for the fourth phase,

aHte, the results are in fair agreement. There is no

systematic difference between the methods in the

tricalcium aluminate results, but for the other three

phases the X-ray method gives somewhat higher

values. The results of the X-ray methods and the

potential compound calculations are in reasonably

good agreement for the ferrite soHd solution phase

and for alite. The potential compound calculation

gives sHghtly higher values for belite and consider-

ably higher values for tricalcium aluminate than

do the X-ray methods. The reason for the latter

is that the potential compound calculation assumes

that all AI2O3 which is not in the ferrite phase is in

the C3A phase. Actually, some of the AI0O3 is in the

siHcate phases.
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POTASSIUM PYROSULFATE FUSION TECHNIQUE. See Sam-

ple Preparation.

POWDER CAMERAS. See DifFraction of X-Rays: Basic Ap-

paratus and Techniques; Equipment for X-Ray Diffrac-

tion; Parameters of Crystal Lattices, I, III.

POWDER DIFFRACTION: INFLUENCE OF GONIOMETRIC

ARRANGEMENT AND ABSORPTION

It is well-known that the total intensity dif-

fracted and reflected by a powder at a definite

Bragg angle 2d is largely influenced by the absorp-

tion of the powder.

In terms of quantitative analysis, this influence

is made evident in the expression

Xr = (7x//i.o)(/x.*M) (1)

where

7i = integrated intensity diffracted by a sam-

ple with mass absorption coefficient /is*,

containing weight fraction Xx of compo-

nent 1.

7i,o = integrated intensity diffracted by a sam-

ple with mass absorption coefficient /xi*

comprised wholly of component 1.

This equation, which has been derived from an ex-

pression previously proposed by Alexander and

Klug," was the basis of the theoretical considera-
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tion which yielded to the direct quantitative analy-

sis by an absorption-diffraction technique pub-

lished in two previous papers."'
^

In the original paper the technique was described

with the use of a CuKa radiation while in the sec-

ond paper, reference was made to the MoKa ra-

diation. In both cases, the final expression became

X, = (7i/7i,o)(/^.*//^i*)" (2)

the constant C being slightly different for the

molybdenum radiation than that found originally

for the copper radiation.

Equation (2) is quite accurate when appropriate

colhmator slits are used, although it is only an em-

pirical expression which was derived from Fig. 1

where the average slope of the concentration lines

determines the value of C.

Later, a physical explanation for the discrepancy

between Eq. (1) and (2) was theoretically treated

and verified experimentally.* It could then be dem-
onstrated that the value of the constant C in Eq.

(2) was different according to the width of the

beam irradiating the flat sample. Because of the

parafocusing arrangement of usual diffractometers

the irradiated volume fraction of the sample is a
triangular prism, from which all crystallites prop-
erly oriented are diffracting in a beam considered

as parallel within an "effective width" generally

smaller than the projected width of the receiving

slit of divergence ai , as illustrated in Fig. 2.

Assuming the existence of such a prism, the in-

tegration from zero to infinity as evaluated in

.02 .04 .06 .08

h/(ll)o

Fig. 1. Concentration as a function of diffraction and absorption ratios.

Full concentration lines correspond to Equation (1) and dotted ones correspond to Equa-
tion (2) for CuKa and MoKa radiations respectively.

Fig. 2. Diagram for the derivation of equation (4).

The path of the incident_ and diffracted beam of divergence ai through the flat sample is

considered as parallel within bold lines.
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Fig. 3. Relationship between -^s and <p(-^'s) as calculated from equation (4).

10

many text books for the intensity reflected by a

fiat powder sample, yields Eq. (1), which is inac-

curate for the geometry^ of an X-ray diffractometer.

In Fig. 2, let us consider the flat sample of mass

absorption coefficient /u,* and apparent densityp,

irradiated by a monochromatic beam of cross sec-

tion W times unity, and of intensity h . Then the

fraction of intensity dh diffracted at a depth, h,

and transmitted through the surface W cosec 6 by

the volume fraction Xips/pi of component 1 in the

layer {W cosec 6 — 2h cot e) dh is shown in Eq.

(3)

dh = IoXips/pi{W cosec e — 2h cot 6)

exp (— 2iJLs* ps h cosec 6) dh
(3)

By integration from h = to h = H, one obtains

the value over h of the total intensity diffracted

by component 1 in the triangular prism

h _ XiW / 1 - e-'^A

To
~

2m/pi \ ~ rp, J
(4)

where the symbol 4/$ = 2fis'^psH cosec d = 2ixs^'ps W
cosec 26. This general equation, which appHes to

the geometric conditions of a diffractometer, shows

that the intensity diffracted and transmitted by a

sample is largely dependent upon the size of the

triangular prism and the Bragg angle, because of

integration within a solid triangular prism of lim-

ited size.

Comparative values or different famihes of

curves can be readily computed or constructed for

h/Io ratios of Eq. (4) by means of Fig. 3, where

^s has been plotted against its function (f>{^lys)

which is the quantity between parentheses in the

right hand member of the equation, and was cal-

cuated for minimum and maximum values usually

met in practice.

Application to Quantitative Analysis. In the

method of analysis by the absorption-diffraction

technique, the intensity diffracted by a sample is

always compared w^ith the intensity diffracted by

the sample made up of the pure compound. From
Eq. (4) the ratio of both intensities becomes

/i/i,o = Xx(miVm.*)(0(V^O/0('^i)) (o)

where we recognize again the original expression

corrected this time by the factor <t>{4's)/{(pi-'pi)

instead of the less rational exponent C originally

derived from the average slope of the concentra-

tion lines plotted on Fig. 1. In this figure, one sees

that concentration lines all have a slope of —1

when calculated from the ideal Eq. (1). However,

experimental data obtained with both characteristic

radiations yielded an average slope of —0.780 and

—0.638 for Cu and Mo respectively. In these spe-

cific cases it was shown that, by using the maxi-

mum sht openings, Eqs. (2) and (5) yield very

closely in Fig. 1 the same rotation in direction and

magnitude.
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POWDER DIFFRACTION: NEW DIMENSIONS

X-ray powder diffraction is the most widely ac-

cepted and trusted technique in the identification

of minerals, metals, inorganic and to some degree

organic compounds. The X-ray powder pattern is

a function of the atomic constitution and structure,

and as such it is distinct for a compound.
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The powder pattern of a compound can be de-

fined by the location and by the intensity of the

diffraction lines. The former is determined by the

Bragg equation and the latter by the structure

factor. Both can be calculated and corrected for

geometrical and other factors; however, this cal-

culation is somewhat elaborate and has to be based

on good structure models. Because of these diffi-

culties, in practice the patterns are obtained em-
pirically from standards, instead of by calculation.

Of course, the reference patterns then will be only

as good as the standards and techniques used, the

intensities are relative and do not allow quantita-

tive interpretation, and the lines are indexed after-

wards on the basis of the interplanar spacings neg-

lecting the relative weight of the intensities of

possible indices. Consequently, a large number of

the reference patterns are not satisfactory for ac-

curate identification of complex minerals and com-
pounds.

A great deal of work is being done today to im-
prove the available files of reference powder pat-

terns and to make X-ray powder diffraction tech-

niques quantitative for certain groups of minerals

and compounds. Some of these approaches are

very successful; however, they are still empirical

and slow in development. The increasing avail-

ability of high-speed computers permit us to think

about calculating the powder patterns and ac-

celerating the improvement of the reference files.

Such calculations will have to be based on preci-

sion-determined lattice data and well-refined struc-

ture models. There is no problem involved in cal-

culating the location of the lines. The intensities,

on the other hand, are affected by many factors

some of which may be difficult to control or cal-

culate. Such factors would be, for example, defects

in the crystal structure, impurities and minor
substitutions. These factors, however, are not too
significant in most cases, and when they are, cal-

culated intensities may be adjusted by well-estab-

lished observed-intensity data.

Calculated patterns would have the following

major advantages against empirical reference pat-

terns :

1. All the lines can be indexed by the computer
and when several indices give similar d's they can

be weighed according to their relative intensities.

This allows the use of the patterns in modem re-

search where the correct identification of indices

is essential.

2. When the structures of end members and the

nature of structural changes between end members
are known the effect of substitution can be calcu-

lated, and members of isomorphic series can be
identified.

3. The intensities will be given on absolute scale

and semiquantitative interpretation will be possi-

ble. Correction for absorption can easily be incor-

porated in the calculation programs and the inter-

pretation in many cases will probably be better

than semiquantitative.

4. Problems such as degrees of disorder, stress

analysis and other special applications of X-ray
diffraction will be facilitated by the better defined

data of the calculated reference file.

5. During the process of calculations the struc-

ture models of some minerals and compounds will

be confirmed or disproved which will aid crystal-

lographers in planning the systematic determina-
tion and refinement of crj^stal structures.

The calculation of powder patterns is relatively

simple and several programs are available. Figure

1 illustrates a flow sheet similar to the program
used at the University of Minnesota. The calcula-

tion of a few powder patterns has confirmed the

advantages of calculated patterns.

The interpretation of powder patterns of un-
knowns can also be improved and accelerated by
computer techniques. Figure 2 illustrates a pro-
posed flow sheet for quantitative analyses. Such a
technique, of course, requires well-controlled sam-
ple preparation and moutning procedures, as well

as the use of constant quantity of a standarized
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Fig. 1. Calculation of X-ray powder pattern. Note: k is a factor expressing the permissible
range in value of d.
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Fig. 2. X-ray powder pattern analyzer. Note : Pn refer to reference powder patterns, k and

c refer to factors of permissible range in d and I.

binder; adequate camera, and detection tech-

niques; and the recording of integrated intensities

within the linear range of the detector used. The

calculated powder patterns could be estabhshed

for a definite technique, such as, for example, ro-

tated, spherical mounts mixed with 50 per cent

collodion binder, made by an automatic sample-

preparing device, sealed proportional counter, dif-

fractometer and CuKa radiation. Tables can be

made up to permit the conversion of data taken

by other techniques to the accepted standard. A
prehminary test of this quantitative interpretation

proved encouraging.

Of course, certain comphcations are expected in

the calculation of intensities of complex minerals

and compounds, especially of the types which have

no definite stoichiometric formula. It seems to be

feasible, however, that these difficulties can be

overcome either by careful study of the crystal-

structures or by the combination of diffraction data

with other techniques, such as X-ray fluorescence.
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POWER PLANTS. See Accelerators; Betatron; Circuits, Elec-

trical; Source, Intense Pulsed X-Ray; Synchotron; Van

de GrafF Generators.

PRECESSION DIFFRACTION METHOD. See Moving Film

DifFraction Methods.
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PRECISION MEASUREMENT OF INTERPLANAR SPACINGS.
See Imperfect Crystals; Parameters of Crystal Lattices,

IIJII.

PREFERRED ORIENTATION. See Computer Techniques in

Processing all Types of X-Ray Diffraction Data; De-

formation of Metals at High Velocity; Orientation

Distributions of Crystallites; Metallurgy, X-Ray; Pole

Figures; Polymer Characterization; Polymer Preferred

Orientation Measurement.

PROBE (ELECTRON) MICROANALYSIS PRINCIPLES

One of the most significant contributions to the

field of analytical chemistry has been the develop-

ment of electron probe microanalysis. A method
for the nondestructive elemental analysis of ex-

tremely minute volumes at the surface of a solid

specimen is of paramount interest to scientists in

many fields, particularly in metallurgy. The quah-
tative and quantitative analysis of a volume of a
few cubic microns can now be readily accom-
plished. An instrument known as a microprobe
provides this invaluable information.

A finely focused beam of electrons is directed at

the specimen surface exactly on the spot to be
analyzed. This electron bombardment causes char-

acteristic X-rays to be emitted by the atoms af-

fected by the electron excitation. Crystals of ap-

propriate materials are employed to diffract the

X-rays into their component wavelengths and the

selected rays are focused onto X-ray detectors.

The X-ray photons entering a detector are con-
verted into pulses of electrical energy. The num-
ber of pulses is directly proportional to the in-

tensity of the X-radiation entering the detector,

which in turn bears a relationship to the mass
concentration of the element producing the X-
rays. The pulses of energy from the detectors can
be utilized in various types of readout systems.

Analyses can be performed for all elements
above atomic number 10. The sensitivity (hmit of

detectabihty) of this method of microanalysis
ranges from 1 part in 10^ (0.001 per cent) to 1 part

in 10^ (0.1 per cent) depending on the analyte,

matrix and spot size. The relative accuracy is 1 to

2 per cent if the concentration is greater than a few
per cent and if adequate standards are available.

The spatial resolution in some cases is 1 micron or

less.

The Electron Microprobe X-ray Analyzer
(EMX) manufactured by Applied Research La-
boratories, Inc., can be used as an example of the

instrumentation used for electron probe micro-
analysis. The basic installation consists of the
microprobe spectrometer, probe electronics, re-

cording console, and the Electron Beam Scanning
System.

Three types of optics are employed in the mi-
croprobe spectrometer—electron optics, light op-

tics and X-ray optics. Of these, the most complex
is the electron optical system which consists of

an electron gun followed by two reducing lenses.

The function of this system is to produce an elec-

tron beam of extremely small diameter and suffi-

cient intensity at the specimen surface. The di-

ameter of the electron beam at the specimen
surface is continuously adjustable from less than
0.3 micron to 300 microns. The light optics permit
visual observation of the specimen when in posi-

tion for, and during, analysis. The X-ray optics

consist of monochromators which collect, diffract

and detect X-rays emitted by the specimen.
Selected combinations of the type of crystal,

slit width, and type of detector assure optimum
conditions for analysis in the X-ray region of

interest. The monochromators are all mounted
within a high vacuum so that no loss of total X-
radiation is experienced because of windows be-

tween the point X-ray source and the detectors.

This insures the utmost concentrational sensitivity,

particularly for light element determinations.

In order to obtain maximum intensity from a

point source, the crystals are of the curved focusing

type. Either 4 or 11-in. radii focal circles are used.

Any wavelength from 0.36 to 18.70A can be meas-
ured using crystals of lithium fluoride, quartz, so-

dium chloride, ammonium di-hydrogen phosphate,
mica, et al. The wide choice among X-ray detectors

insures optimum detection sensitivity and discrimi-

nation against unwanted radiation.

The recording console provides a variety of

functions based on the use of a strip-chart re-

corder. Two electronic circuits may be utilized,

(1) the profile (rate meter) circuit which gives

instantaneous intensity readings from any detector,

and (2) the integration circuit which is used for a

quantitative analysis of the desired element. The
recording console can be used in conjunction with

the oscilloscope for spectral line profiling. This
gives qualitative identification of a chosen area,

as observed on the oscilloscope, within an image
formed by back-scattered electrons.

The oscilloscope console serves a variety of func-

tions: (1) display of the signal from any detector

on an oscilloscope screen, (2) readout of these sig-

nals on the recording console chart, (3) pulse-height

discrimination from proportional counter detectors

before the signal is displaj^ed on the oscilloscope

or recording console, and (4) photography with a

camera fitted to the oscilloscope. This accessory

permits photographic integration of displa}^ and
one-minute or less processing of oscillograms.

In the Electron Beam Scanning System, the

nominal deflection of the beam at minimum mag-
nification along either axis at the specimen is 360

microns at 30 kv. Magnification of the area

viewed can be accomplished in steps to 45 microns
square on the 8-cm-square screen. The display of

back-scattered electrons gives a general indication

of the distribution of elements as well as holes in

the specimen surface. A relative discrimination be-

tween elements is provided since the higher the

atomic number, the more electrons are scattered

back from the specimen surface and the brighter

will be these areas on the oscilloscope screen. An
inherent advantage of the back-scattered electron

display is the topographical view of the specimen
surface.
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Although microprobe analysis finds primarj^ ap-

plications in metallurgical research, many other

diverse fields can benefit substantially through the

use of this unique tool. A few important appHca-

tions are the following

:

1. In metallurgy—studies of phase systems for

solid solutions, segregation, diffusion, etc. Studies

of specimens for inclusions, scales, coatings, pre-

cipitates, effects of rolling and cold working.

2. In nonmetallic research—studies of semicon-

ductors, meteorites, geological specimens, catalysts,

glasses, and cements.

3. In medical, dental, and biochemical research-

studies of bone, teeth, stones and tissue to deter-

mine the distribution of elements.

4. In production control—identification of un-

wanted inclusions in photographic films, metals

and glasses.

A myriad of other apphcations can be envisioned

which may ultimately rely on the ingenuity and

resourcefulness of the user.
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PROBE (ELECTRON): MICROANALYZER DESIGNS

The possibility of carrying out the chemical

analysis of a specimen by exciting characteristic

X-radiation directly with an electron beam was

reaUzed nearly half a century ago. It has been only

within the last twelve years, however, that tech-

niques for focusing the electron beam into a fine

probe, combined with sensitive counters for X-ray

detection, have made it possible to carry out this

analysis on a microscale. This success has made

the technique of electron-probe microanalysis of

considerable interest to the metallurgist, who is

now able to make an accurate chemical analysis

of inclusions, phases, or precipitates which, al-

though easily visible optically, may hitherto have

been difficult to identify.

The foundations of the method were laid by

Castaing, when in 195P he developed the basic

theory of quantitative microanalysis and supported

it with several apphcations carried out on a simple

instrument. He then built an instrument which was

better suited to the needs of the practising metal-

lurgist, and in 1955 this prototype instrument, pro-

duced in Paris, was put into production." During

this time work was started in Great Britain,^"^ the

U.S.S.R.'' ' and the United States,^' ° and about

eight commercial instruments are now available.^''

The development of the technique has been re-

viewed by Castaing,"" Cosslett"^ and Duncumb."^

From the point of view of design, it is remarkable

how different these instruments and other home-

built machines appear.

It is the purpose of this paper first to examine

the essential parts of a microanalyzer separately

and then to see how these can be combined in a

number of different ways, depending upon the

importance attached to the function that each

performs. No one instrument can yet be said to

be the best for every tj^pe of application, but the

features than one may hope to combine in a gen-

eral-purpose instrument can now be specified.

The Basic Components of a Microanalyzer.

The first essential in all designs of microanalyzer

is the electron-optical system, which focuses the

electron beam into a probe of diameter 1/x or less.

Some means must then be provided for positioning

the probe to strike the required point in the speci-

men, and the third essential in the instrument is a

spectrometer S3^stem for analysing the emitted

X-rays. These three components are illustrated in

Fig. 1, which is a simphfied diagram of the French

instrument. The electron beam is focused by two

lenses and the point to be analysed is brought

under the cross-wires of an optical microscope built

into the second electron lens and accurately

aligned with the electron-optical axis. X-rays

emerge into two spectrometers which together

cover the range of elements from magnesium (Z =
12, MgKa = 9-9 A) up to uranium (Z = 92,

ULa = 0-9 A). This is typical of the range of ele-

ments covered by most instruments at present,

although special techniques are becoming available

to extend the range towards lighter elements."

Although not basic in the sense that microanaly-

sis is impossible without it, the incorporation of a

scanning system to sweep the probe over an ex-

tended area in the specimen provides further valu-

able information. Emitted X-rays characteristic

of one element present can then be selected with

the spectrometer, and the resulting signal used to

produce an image on a cathode-ray tube scanned

in synchronism with the probe. The spatial dis-

tribution of each element in turn can thus be
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rapidly explored. This is shown in a schematic
diagram of the Cambridge instruments^ (Fig. 2),

which also indicates how a second image can be
produced in a similar way, using back-scattered

electrons instead of X-rays. Topographical detail

is thus rendered easily visible, so that the electron

scanning image permits accurate correlation be-
tween the X-ray image and the optical appearance
of the specimen. Additional contrast is also pro-
duced in the electron image by variation in atomic

ELECTRON GUN

MAGNETtC
CONDENSER

LENS

X-RAY
SPECTROMETER

REFLECTING
OBJECTIVE

Fig. 1. Basic components of a static probe micro-
analyzer as in the French instrument.

number over the surface. Furthermore, the probe
can be accurately positioned by means of the
electron image for point analysis, so that there is

no necessity for precise mechanical correlation be-
tween the electron-optical axis and the optical
microscope.

We turn now to consider in more detail the
four basic parts of a microanalyzer ; the electron-
optical system, the probe-positioning system, the
X-ray spectrometer, and the scanning system.
The Electron-Optical System. The normal type

of triode gun developed for electron microscopy,
using a tungsten hairpin filament, is also appH-
cable to the microanalyzer. Haine and Einstein^^
have shown that, at least on the electron-optical

axis, the brightness of the gun can be made to

approach closely the theoretical limit for this type
of gun. Castaingss has suggested the use of an
aperture in the anode to mask off the outer regions
of the gun crossover, so that the maximum bright-
ness is maintained to the edges of the effective

electron source. Methods of biasing the gun have
been considered by Haine, Einstein and Borch-
erds," and also by Dolby and Swift .^^

Two lenses are normally used to image the gun
crossover on the specimen surface. The over-all

demagnification is controlled by the strength of

the first (condenser) lens, while the current re-

quired to focus the second (objective) lens remains
nearly constant at any given accelerating voltage.

The design of the condenser lens presents no
problems, being similar to the single condenser
system in an electron microscope or X-ray pro-
jection microscope. The objective lens, however,
must combine a low spherical aberration coefficient

(chromatic aberration and astigmatism can usually
be made negligible in a l/x probe) with the' ability

EUctron / COLUMN \
Gun

~y^-—A/ '

Magn«tf' '

Lans

OPTICAL

MICROSCOPE

J

Fig. 2. Schematic diagram of scanning microanalyzer as in the Cambridge instrument.
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to collect X-rays in the backward hemisphere at a

reasonably high angle to the specimen surface to

minimize absorption. For the former requirement

the focal length should be as short as possible,

whereas for the latter it should be long if the

X-rays are to be collected outside the lens. The

compromise that is necessary can be evaluated in

terms of the maximum current which can be de-

Hvered into a probe of given diameter, say 1/a. The

working distance of the lens, i.e., the distance of

the focus outside the lens, is set by the space re-

quired to extract X-rays at the required angle and

to accommodate scanning coils, optical micro-

scope, and other components around the specimen.

A suitable pole-piece design with minimum coeffi-

cient of spherical aberration may be achieved with

the help of lens data derived by Liebmann"' '° and

Mulvey.^
For a perfect lens with no aberration, the current

i that can be delivered into a probe of diameter

do is

i = (7rV4)i3aW

where /3 is the brightness of the electron gun

(current/unit area/unit sohd angle) and a is the

semiangular aperture of the probe. The blurring

of each point in the probe due to spherical aberra-

tion—the diameter of the "disc of confusion"—is

given by

ds = V2Csa\

where Cs is the coefficient of spherical aberration,

which is normally several times the working dis-

tance of the lens. Thus, in order to maximize i for

a given over-all probe diameter d = do + ds ,
a. is

made £fs large as possible such that ds is not more

than a certain fraction of d, often taken as V^d.

From the above equations the semiangular aper-

ture is thus set at a = (d/2C.)i''^and the probe

current given by

i = 0-87 ^Cs-'^' d'''

With typical values of ^3 = 5 X 10* amp/cm"/

steradian, C. = 4 cm, and d = Ifi, this gives i —
0-4 /^amp, which is more than sufficient to give

a counting rate for many pure elements of

10,000 counts/sec using an efficient curved-crystal

spectrometer.

A further spread in the effective probe diameter is

imposed by the penetration and lateral diffusion of

the electrons as they enter the specimen. The de-

termination of the optimum accelerating voltage,

which governs the depth of penetration, is a prob-

lem of operation of the instrument rather than

design, and has been discussed by Duncumb,*

Castaing" and Wittry.^^ It is sufficient to say that

one normally requires the accelerating voltage to

be variable between say, 10 and 30 kv, though

occasionally extension down to 5 kv and up to

50 kv is desirable.

Probe-Positioning System, It is appropriate

to consider here the requirements for positioning

the probe in relation to the optical image of the

specimen. The microscope can either be built into

the electron-optical system or be mounted in a

remote position such that the specimen must be

displaced a fixed distance to bring the point of

impact of the probe under the cross-wires of the

microscope. (Probe positioning with a scanning

system is discussed later.)

Microscope Built into Electron Lens

In this case the specimen can be observed con-

tinuously during analysis and the electron probe

may be aligned with the cross wires and focused

visually if fluorescent material is brought under

the beam. Careful design is required, however, to

permit the use of an optical objective of large

aperture, such as is required for high resolution,

and the best choice of lens seems to be a reflecting

objective with long working distance. This can

then be built into the wide back-bore of the lens

(Fig. 1), where the reflecting surfaces are sufl&-

ciently far from the specimen to avoid contamina-

tion arising from the impact of back-scattered

electrons. In this way a numerical aperture of

0-48 has been obtained in the French instru-

ment,-- '^ giving a resolution of 0-7ya. Alternatively,

if a somewhat poorer resolution is adequate, the

simplest system is probably to observe the speci-

men by means of a 45° mirror placed above the

specimen, perforated to allow the electrons to

reach the specimen. The mirror can be made re-

movable for cleaning. This system has been used

in a microanalyzer constructed by Birks and

Brooks.^

Microscope Remote jrom Lens

If the optical microscope is mounted remote

from the electron lens system, the normal type

of refracting objective with high aperture can be

used, giving a resolution in the region of 0-3/a. The

main design problem is then in the specimen-trans-

lation mechanism, which must be reproducible to

better than the probe diameter of I/a. With care

this precision can be achieved, but the chief re-

maining disadvantage is that, if no scanning fa-

cility is available, focusing must be carried out

by reference to the diameter of a contamination

spot built up under the impact of the probe; this

can be a lengthy and often inaccurate process.

The A.E.I, instrument,^ illustrated in Fig. 3, em-

bodies this form of microscope, the specimen

being mounted on a drum which can be rotated

by precisely 180° for location of the point of im-

pact. Scanning facilities, which have recently been

included, now overcome the focusing difficulties.

Common to both types of system for positioning

the probe is the necessity for a smooth specimen

traverse combined with some way of interchanging

the specimen with pure elements for calibration.

If two orthogonal movements are required, this

presents no difficulty, even though a backlash-free

movement must be transmitted through vacuum

seals. For some problems, however, notably dif-

fusion-curve plotting, it is advantageous to be

able to rotate the specimen, as in the Cambridge

instrument, to ahgn a chosen direction on its sur-

face with the direction of traverse, but this intro-
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X-RAY SPECTROMETER

OBJECTIVE LENS

CONDENSER LENS

ELECTRON GUN

Fig. 3. Cross section through the column of the

AEI microanalyzer.

duces considerably greater complication. Another

useful feature is the provision of a small move-

ment normal to the specimen surface so that the

point of impact can always be brought to a given

position relative to the spectrometer focus, regard-

less of surface modulations. The French instrument

includes this.

X-Ray Spectrometer, For the highest efficiency

of collection of the emitted X-rays it is essential

to use a spectrometer with curved crystal, and it

is preferable, particularly for softer radiations, to

include facihties for evacuation. The focusing

conditions for a cylindrically curved crystal re-

quire that the X-ray source, crystal and detector

lie on a circle, known as the Rowland circle, having

a diameter equal to the radius of curvature of the

crystal. The reflecting planes are tangential to the

circle and for the utmost accuracy the surface of

the crystal is ground to coincide with the Rowland

circle, i.e., to a radius equal to half the radius of

curvature of the planes. In these conditions X-rays

of a given wavelength are reflected over the

whole surface of the crystal at once and come to

a line focus at the slit of the detector. With a

near-perfect crystal such as quartz, the a-doublet

of, say, CuK radiation can be easily resolved and

the ratio of peak height to background might be

better than 500:1.

In building such a spectrometer into a micro-

analyser, two distinct arrangements have been

used. The simpler (Fig. 4 (a)) is to fix the centre

(0) of the Rowland circle and move the crystal

(X) and detector (C) on arms of equal length

connected by an accurate 2-1 gear. This is the

system used in the French and A.E.I, instruments.

However, this means that the direction of X-rays

leaving the specimen varies with the Bragg angle,

and hence the spectrometer window occupies a

large proportion of the space available round the

specimen. An alternative, which overcomes this

ELECTRONS

SPECI

^2 ROWLAND CIRCLE FIXED

X-RAY DIRECTION FIXED

Fig. 4. Fully focusing spectrometer with: (a) center of Rowland circle fixed; (b) direc-

tion of X-ray beam fixed.
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RAY SPECTROMETER
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Fig. 5. Objective lens and semifocusing spectrometer of Cambridge instrument.

disadvantage, is to fix the direction of the emer-
gent X-rays by moving the crystal along a straight

line passing through the specimen (Fig. 4 (6)).

The centre of the Rowland circle then revolves

about the specimen and the counter moves in a

somewhat complicated path. Considerably more
difficulty is then encountered in providing a sensi-

tive backlash-free movement in vacuum.
A third possibihty is to depart from Rowland-

circle geometry altogether by fixing the axis of the

crystal and bringing the counter closer to the

crystal. The spectrometer is then compact and the

mechanism considerably simplified. This is illus-

trated in Fig. 5, which shows the objective lens and
spectrometer of the Cambridge instrument .^^ A
crystal of given radius is correctly related to the
source at one given Bragg angle onlj-, but provided
that a resolving power of no better than, say, 10'

in Bragg angle is required, the provision of three or

four crystals interchangeable under vacuum per-
mits Bragg angles of 10-60° to be covered.
For many problems this resolving power is ade-

quate, and a high-resolution spectrometer cannot
in any case be used if the electron probe is to be
deflected more than ~50/i from the electron-optical

axis. Where better resolution is required, for ex-
ample, for the complete separation of MnA^a and
CrK& , a special crystal can be curved to the
correct radius. With elastically bent lithium fluo-

ride, which is easily prepared and curved, resolu-
tions down to 3' of arc have been achieved.^^ The
peak-to-background ratio is worse than with a
fully focusing spectrometer because of the larger
window in the counter, but ratios of 250:1 have
been obtained, which permit the detection of con-
centrations down to 0.01 per cent with a counting
time of <1 min.

Nevertheless, in what might be termed general-
purpose microanalysis, a significant number of

specimens are encountered where a 2-3 times im-
provement in peak-to-background ratio and reso-
lution would make a fully focusing spectrometer a
decided advantage. In semiconductor work, for
example, involving concentrations below 0.01 per
cent, it would be essential.

The Scantling System. To cover an area large

compared with the scale of the microstructure in

most specimens, it is desirable to be able to scan
the probe over an area at least 400^1 square. This
means that, if the focal length of the lens is 1 cm,
the angular deflection at the edge of the raster is

0.02 radian. Both magnetic and electrostatic de-

flection of the electron probe have been used. The
S3'stem of double deflection used originally by
Smith^ in the scanning electron microscope is well

suited to the needs of the microanalyzer, because
the deflection coils can be set back out of the way
behind the lens. This is illustrated in Figs. 2 and
5; the coils are balanced so that the beam always
passes through the lens aperture. With electrostatic

scanning this is impracticable, because, in order

to obtain the required angular deflection with
beam voltages up to 50 kv, the plates must be
set close together. This prevents their use at the
second deflection position where the beam may be
a few millimeters off the electron-optical axis. It

is sometimes possible to set them in the lens gap
itself, as has been done in the A.E.I, instrument
(Fig. 3),^' '* though several hundred volts may
have to be applied to give a deflection of, say,

200/x. A single deflection system, either electrostatic

or magnetic, may, of course, be used after the lens

if space permits.

With regard to the control of the scan, it is

essential that the probe is d.c. coupled to the

spot on the display tubes. Accurate positioning of

the probe is then possible from the image afterglow

if long-persistence tubes are used, or, alternatively,

the size of the raster can be reduced on both speci-

men and display tube to permit examination of a
particular feature with less statistical graininess.

A convenient scanning speed is about 1 frame of

200 to 300 lines in 2 sec. Photographic exposures
are normally 2 to 20 min, depending again on the

graininess that can be tolerated.^^ There is some
value in using a storage tube of infinite persistence

or alternatively a Polaroid-Land camera so that

the image can be immediately observed; this often

speeds up the course of an investigation in which
the next step is determined by what is detected in
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the X-ray image. Facilities for scanning the probe

along a single line at several speeds are also de-

sirable, to reveal quantitatively the one-dimen-

sional distribution of an element as a plot of con-

centration against distance, either on the display

tube or pen recorder.

Combining the Basic Parts of the Micro-

analyzer. Much of the compromise that is neces-

sary in combining the basic parts of a micro-

analyzer centers around the shape and working

distance of the objective lens. This is related to the

spherical aberration coefficient of the lens, which

determines the maximum current that can be de-

livered into a probe of given size. The measured

X-ray intensity, which is the chief quantity of

interest, cannot, however, be calculated without

knowing the efficiency of the spectrometer, and this

depends not only on the probe current but also

on the space available around the specimen and

hence the working distance. The process of design

is, therefore, essentially one of successive approxi-

mation, in which, for example, a given working dis-

tance is assumed, the lens and spectrometer are de-

signed, and the probe current and resulting X-ray

intensity computed. If this is insufficient, the oper-

ation is repeated with a different working distance

and lens geometry.

Other factors that have to be taken into account

apart from the X-ray intensity are: the angle

which the collected X-ray beam makes with the

specimen surface, the type of optical microscope

to be included, the number and type of spectrom-

eters, design of the specimen manipulation and in-

terchange movements, the type of electron detec-

tor for back-scatter image formation, and the

position of the scanning coils. It is understandable

that the relative weights placed on these factors

have varied according to the application of the in-

strument, giving rise to apparently widely different

designs. For example, one of the prime considera-

tions in mineralogical work"*^ is to increase the

X-ray collection angle as much as possible, since

many specimens cannot be well polished. For-

tunately, because of the poor thermal conductivity

of many specimens, the maximum probe current

must often be less than that used for metal speci-

mens, so that a higher angle can be attained by
increasing the working distance. On the question of

collection angle some advantage is to be gained by
tilting the specimen towards the spectrometer, but

this makes it difficult to use more than one spec-

trometer and, if scanning is to be provided, the

probe can be deflected only a limited distance be-

fore it is defocused. With conventional lenses and

the specimen normal to the beam, the collection

angle is normally limited to ^^20°
; this is adequate

for the absorption correction to be accurately made
in most metallurgical apphcations. If the specimen

were tilted by, say, 30°, the collection angle could

be increased to 50°, but the dimensions of scan

might be restricted to about 100^ if 1/x probe dia.

is to be retained.

With an unusual form of lens (Fig. 6), the in-

strument manufactured by Applied Research Lab-

oratories has increased the collection angle to 52V2°

without tilting the specimen by placing the wind-

X—RAYS TO
SPECTROMETER

REFLECTING
OBJECTIVE

APERTURE

KWWWN

ILLUMINATION
AND VIEWING

MAGNETIC
OBJECTIVE
LENS

SPECIMEN

Fig. 6. Objective lens and optical microscope of

ARL instrument.

ings of the lens below the specimen. Problems of

specimen interchange have been overcome and it

has also been found possible to incorporate de-

flection plates for scanning in the pole-piece gap

without obstructing the optical viewing of the

specimen.

Another interesting feature of the A.R.L. design

is the use of linear focusing spectrometers (Fig. 4

(b)) which are mounted at the same 52!/2° angle

to the specimen surface. All are enclosed in a

large vacuum tank. Opinion in the United States

is in favour of several spectrometers, the Phihps

instrument having as many as six. It is difficult to

see, however, how more than two or at the most

three could usefully be employed simultaneously

on anything but multicomponent diffusion plots,

and in Europe the tendency has been to employ
either one spectrometer with interchangeable crys-

tal or two separate spectrometers to cover the

range. For diffusion-couple work the best com-
promise would probably be to have two fully

focusing spectrometers, each covering the entire

range of wavelengths with interchangeable crystals.

The incorporation of a beam scanning system

together with reflecting optical objective lens for

viewing the specimen during analysis is difficult;

only the A.R.L. design at present provides this.

Fortunately, however, the electron image removes

the need for this and it is sufficient to be able to

move the specimen from under the probe to a

separate optical microscope. A mechanical scan

of the specimen in two dimensions has been added

to the French instrument, but because of the high

inertia of the specimen assembly, image formation

takes at least 10 min.

The second difficulty arising with a scanning sys-

tem is the defocusing of the spectrometer as the

probe is moved awa^^ from its focus. On a fully

focusing spectrometer, a movement of only 20/x or

so may appreciably alter the Bragg angle, so that

it is impossible to scan over an area more than a
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few tens of microns wide. For this reason, a semi-

focusing spectrometer was felt to be adequate on
the first scanning instruments, but the need is now
for both types on the one instrument. The semi-

focusing spectrometer, having a broad focus, is

used for scanning image formation, whereas the

fully focusing spectrometer is used for the accurate

analysis of trace elements after positioning the

region to be examined at the center of the field.

Conclusions. Some years of operational experi-

ence have now been amassed in the use of the

electron-probe microanalyzer which indicate that

the main features desirable in a future general-

purpose instrument must include

:

1. An electron-optical system to give adequate

X-ray intensity (at least, say, 10,000 counts/

sec on pure elements).

2. Full scanning facihties.

3. Two or perhaps three identical fully focusing

spectrometers with interchangeable crystals to

cover the range 0.9 to lOA, one of which can

be defocused for scanning image formation.

4. An optical microscope not necessarily built

into the electron-optical system but under

which the specimen can be easily moved.
5. Full facihties for specimen movement, rota-

tion, and interchange with a number of

standards.

It is seen that these features have appeared in-

dividually on the various instruments available to-

day, and it is not too much to hope that all could

now be combined in one instrument. Other more
fundamental developments of the techniques of

microanalysis, such as the extension to elements

down to atomic number 4, and the combination of

microanalysis with electron microscopy and elec-

tron diffraction, are the subject of active investi-

gation at present, but are not likely to become part

of a general-purpose instrument for some years to

come.
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P. Duncumb

PROBE (ELECTRON): QUANTITATIVE MICROANALYSIS

The principle of quantitative X-ray micro-
analysis is to irradiate a selected point on a speci-

men surface with a finely focused beam of elec-

trons, or electron probe, and measure the intensity

of characteristic X-ray emission generated by a
given element. Normal techniques of X-ray spec-

troscopy permit us to detect radiation in the range
of about 0.7 to lOA, so that all elements in the

periodic table down to magnesium (Z = 12,

MgKa = 9.9A) can be covered using K or L emis-

sion (or sometimes M). Considerable interest is

evident, however, in devising means to extend
this wavelength range to include the K emission

of carbon (44A) or even beryllium (113A).

Calibration of the apparatus is effected by re-

placing the specimen with a sample containing a

known amount of the element ; since both measure-
ments are made with X-rays of the same wave-
length, it is not necessary to know the efficiency

of the spectrometer or detector. One of the prime
advantages of electron probe microanalysis over

X-ray fluorescent analysis is that the calibration

sample can consist simply of the pure element,

which means in effect that an accurate calibration

curve of intensity against concentration can be

constructed knowing only the two ends of the

curve, i.e., at concentrations of and 100 per cent.

This eliminates the need for making up a standard

sample of known composition close to that in the

analyzed region of the specimen. Castaing^ has

stressed the value of this absolute nature of elec-

tron probe microanalysis, and has shown that the

calibration curve of intensity against weight con-
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centration is to a first approximation linear. More-

over, the deviation from linearity can in many-

cases be accurately calculated, and it is these

corrections which will be described.

The corrections arise as follows: The intensity

of characteristic emission generated within the

specimen is not strictly proportional to concentra-

tion when elements of widely different atomic

number are present; this is known as the atomic

number correction. Since the X-rays are generated

an appreciable distance beneath the surface, they

undergo absorption on leaving the specimen which

modifies the intensity detected by the spectrom-

eter; this is the absorption correction. Further-

more, not only the directly excited emission is

registered by the spectrometer but also fluorescent

emission of the same wavelength excited by ab-

sorption of primary X-rays in other parts of the

specimen. This is considered in two parts: that

caused by characteristic emission and that due to

the continuous spectrum.

Atomic Number Correction. The basis of Cas-

taing's derivation^ of the ratio of the primary

intensity I spec, emitted by an element in an alloy

specimen to the primary intensity /pure emitted

by a pure standard of that element, is as follows:

When an electron of energy, E, traverses a

thickness, dx, of an alloy material of density p,

then the number duk of K ionizations (critical

energy Ek) produced in element. A, may be ex-

pressed as (duk/dx) = Qk (number of A atoms
per cc), where Qk{E, Ek) is the ionization cross

section of element A for K ionization.

dnk NpCA

dx A

where N is Avogadro's number, ca is the mass
concentration of element A, and A is the atomic

weight of element A.

The total ionization produced by an electron

which has initial energy Eo and which remains

below the surface is

expression due to Webster:'

rik =
Nca

f Qk
dE

dE/dx
(1)

where dE/dx is the loss of energy per unit path
length. The average number of ionizations per

electron will be less than that given by (1) because

some of the electrons will be scattered out of the

specimen with energy greater than Ek . A factor

(1/X) < 1 is therefore introduced to account for

this back-scatter, and (1) becomes

rik =
Nc, Ek dE

dE/dx
(2)

1/X can be evaluated from a knowledge of the

energy distribution of back-scattered electrons^. 3

and takes a value of about 0.88 for copper with

Eo = 27kv. There are several expressions for the

retardation dE/dx,^- ^ of which the most accurate

is probably the theoretically derived formula due
to Bethe.^ However, Castaing uses a simpler

dE_

dx
^ Kp_ /2Z\

E'' ' \a)
(3)

where K is a constant and (2Z/A ) is the mean of

{2Z/A) according to the constituents of the allo}^,

i.e..

(f) ^- (!),

Substitution of (3) into (2) gives:

NCa

2KA XiZjA)

1 r°
'•dE

For a target of pure A, the corresponding expres-

sion is:

nkpnve
N

2KA i^iy-^-'^
Thus the ratio Ispec/Ipuve of the X-ra\^ intensities

emitted in the specimen and in the pure element,

is

-^spec

-'pure

Uk

Uk,

Xpure' Z/A

\-(z7a)
Ca (4)

This expresses the atomic number correction as a

whole, i.e., the effects due to both back-scattering

and retardation. However, (4) neglects absorption

and fluorescence so that the ratio of intensities

actually measured would have to be corrected

for absorption and fluorescence before using this

expression to calculate ca (4) is equally valid

for the ratio of intensities of L radiations, or of M
radiations from the specimen and standard, since

the derivation imposes no restriction on the elec-

tron shell.

Increased back scattering at high atomic num-
bers causes high values of X but the reduced elec-

tron retardation resulting from smaller values of

Z/A tends to counterbalance this, so that often

Xpure-Z/A = X. (Z/A) and the atomic number
correction can be neglected; (4) then becomes

/spec = /pure-CA , which is the law of proportion-

ality. However, this compensation becomes poor

if Eo < '^SEk because X is strongly dependent on

electron energy in this region, but Z/A is not. If,

in place of Webster's expression, ^ another relation

were used for the loss of electron energy, then (4)

would be correspondingly different. Indeed,

Bethe's expression for dE/dx^ and the curve calcu-

lated by Nelms,8 indicate a rather more rapid

variation with Z, closer to {2Z/A)^.

Castaing has suggested^ that a better approxi-

mation to account for electron retardation could

be obtained by applj'ing to each of the elements

.4,- a coefficient ai representing "the specific de-

celeration power" of Ai . This would be deter-

mined from experiments on alloys of known com-

position and, by suitable choice of at ,
could take
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back-scattering into account as well. Only rela-

tive values of « for different elements would have
significance; its value for alloys would he a =
^iaiCi , only if a were transitive, i.e., if oca/occ =
aA/as olbIolc for three elements A, B, C. The
expression corresponding to (4) would be:

/sr

z. (XiCi

Ca

Poole and Thomas^ have obtained empirical a. co-

efficients in this way, and the use of these in cal-

culating the correction due to atomic number
effects appears to be successful, but this has not

yet been confirmed by independent experiments

on a large number of widely different alloys.

The Distribution Function and Absorption.
The primary X-ray intensity emitted from a speci-

men is less than that generated within it because

of absorption of the X-ra3^s in the material on their

way out. This reduction is a function of the mass
absorption coefficient /x/p of the radiation in the

material and of the angle 6 of inclination of the

collected emergent X-ray beam to the surface of

the specimen; it also depends on the accelerating

voltage j&o of the electrons and, to a lesser extent,

on the mean atomic number Z of the specimen. (If

the electron beam is not incident normally, the

angle of inclination of the electron beam to the

normal is also involved.) The fraction of the gen-

erated radiation that is actually emitted is de-

noted by/(x) where x = (m/p) cosec 6. Thus, the

measured ratio of intensities is given by:

/., .Ax)s,

/(X)pur
Ca (5)

where /(x)spec and /(x)pure refer to the specimen

and pure element, respectively, and atomic num-
ber and fluorescence effects have been neglected.

If/ is known in terms of x, the true concentration,

Ca , can be calculated from the measured ratio,

using (5) ; a method of successive approximation
has to be employed since n/p and hence x, are not

known correctly until the true concentrations

themselves are known.
The amount of absorption increases when Eo is

aised, because the electrons penetrate more

deeph' and the X-radiation produced has to

traverse a greater distance before emission from
the specimen surface^ Absorption is greater for

specimens of lower Z because lighter elements
scatter the incident electrons less and thus the

X-ra}' emission comes on the average from further

below the surface than in heavier elements. Thus
/ has to be known in terms of x for each particular

value of accelerating voltage and mean atomic
number. Figure 1 shows absorption correction

curves for Al, Cu, and Au at 29kv, determined by
Castaing and Descamps, who also give absorption

curves for Al at 9.7 and 15.1 kv.^

The distribution of primar\^ emission with depth
cj){pz) is of considerable interest since it is closely

associated with the absorption effect. The char-

acteristic intensity generated in a layer of mass
thickness d{pz) at a depth, z, below the surface of

a pure specimen of element A of density p can be

expressed as: dl = (i)ipz)-d{pz) . The total intensity

generated within the specimen would be

I
4>A (pz)-d(pz)

and on emission from the specimen surface this

would be

r =
I

4>(pz)' dipz)

Thus

/(X^pu,
F(v)X/pure

F(0)pur

where F (x) i-^ the Laplace transform of the func-

tion <i>{pz). 4>(pz) curves obtained experimentally

b}' Castaing and Descamps^ for Al, Cu and Au at

Eo = 29kv are shown in Fig. 2; all three have
values greater than unity at the surface because

of electrons back-scattered from within the speci-

men; the curves then rise to a maximum as dif-

fusion causes the mean path length in each layer

to increase, and then fall off as the number of

electrons reaching each layer diminishes. The
differences in the cl)(pz) curves correspond with

the differences in the fix) curves with atomic

2000 4000 6000
X=J.COS€Ce

1-5

log.f(X)

Fig.

Al—X— Cu—.^— Au

1. Absorption correction curves (29kV). (From Castaing and Descamps)
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number (Fig. 1), and can be explained in terms of

the back-scattering and retardation effects de-

scribed in Section 1. Figure 2 also shows the ab-

sorption curve for electrons in copper; from the

depth at which electron diffusion in the specimen

becomes complete, this curve runs parallel to the

4)(pz) curve for copper.

Three approaches have been used for determin-

ing /(x) curves:

1. Experimental measurements of the absorp-

tion in known specimens or of the distribution of

emission with depth from which /(%) can be

calculated. These have been Castaing's meth-
Qfjg.i, 10. u these data are likely to be accurate but

far from complete^ as they cover relatively few

values of Eg and Z.

2. The derivation of an empirical formula for/
in terms of x, Eo and Z to fit the experimental

curves of Castaing, permitting interpolation

between them.
3. Calculation of the distribution of emission

with depth from first principles by considering the

individual trajectories of a large number of elec-

trons.

Work on absorption has also been published by
Birks^2 who has put forward curves which follow

closely those of Castaing, and by Ilyine^^ who
uses a relatively simple formula and introduces an
"effective thickness of the absorbing layer"; after

determining this parameter empirically for a pair

of elements, its value for all elements of any
binary system can then be calculated.

Several laboratories have initiated experiments

to provide curves applicable to other voltages Eo
and mean atomic numbers Z, and some are in-

vestigating the method of calculation using com-
puters. Philibert,^^ Tong and Theisen^^ have de-

veloped empirical formulas for / but none has yet

been universally accepted as satisfactorily applic-

able to all X, Eo and Z. Because of the close associ-

ation of the atomic number effect with absorption,

it would appear possible, and indeed it would be
very satisfactory, to express the measured ratio in

terms of some theoretical relation containing both
factors, derived on the same basis. This is the ad-

vantage of the third approach, which investigates

the interaction of individual electrons with the

specimen; this is being studied in at least two
laboratories.

Fluorescence Excited by Characteristic
Radiation. To date, four authors have published

expressions for the correction due to fluorescence

excited by characteristic radiation: Castaing, ^^

Wittry,i6Birks,i2 ^^d Ilyine.^^

Castaing considers the fluorescence excited in

an element of volume bounded by two cones of

revolution having semiangles (3 and (3 + dl3, and
two planes parallel to the surface of the specimen
at depths 2 + T and 2 + f + df below it, where z

is the depth of primary emission (Fig. 3). The
resulting expression gives rf(//) the measured in-

tensity of fiuoresence excited bj'^ characteristic

radiation, in terms of the intensity of the primary
radiation from the element B causing excitation.

The equation is then integrated over ^, z and 13,

Fig. 2. Distribution in depth of the direct (pri-

mary) emissions of Al, Cu, and Au and absorption
curve of electrons in Cu (icu) (29 kv). (From
Castaing and Descamps)

ELECTRONS
INCIDENT 1

NORMALLY
'

X-RAYS W

SURFACE . y\Q
OF SPECIMEN

2 y
y<.^.

\.'^

c ^
dC-^ _ -p^^^ -sX—^ _

'

1

\

dp-
^ (^—\

Fig. 3. Generation of fluorescence excited by
characteristic radiation.

assuming an expression {qx <\>{^pz) the distribution

of primar}^ emission with depth in order to make
the integration possible; Castaing uses </> = exp.
(—apz), where a is the Lenard coefficient^^ which
depends on the accelerating voltage, Eg , of the
electrons. // is required in terms of Id the meas-
ured intensity of primary radiation from the same
element, and thus a relation has to be adopted for

the ratio of the primary intensities from the ele-

ment being fluoresced and that causing excitation.

Castaing assumes a modified form of an expression

due to Rosseland^s and, on substituting this into

the integrated expression, obtains

If 1

h = "^ •

2
/5)'

TB B

In (1 + x) In (1 -f y)

(6)



PROBE (ELECTRON): QUANTITATIVE MICROANALYSIS 828

\\ '

28-5 KV

\ \ 0=20°

\^ Fe/Ni

Cr/Fe \X
^^^

Ca

Fig. 4. Fluorescence excited by characteristic ra-

diation, FeKa in Fe/Ni, and Crka in Cr/Fe.

(From Castaing)

where
friB = cbp, the mass of element B per cm^ in the

alloy.

r is the ratio of the coefficients of absorption of

element A on either side of its K edge.

o}k{B) is the fluorescence yield of B in the K
shell.

v^,v^ are the frequencies of the K absorption

edges of elements A and B.

MB^ is here the mass absorption coefficient of the

exciting radiation from B in element A
(Castaing omits p from the denominator here

compared with Section 2, presumably for ease

of notation).

TA , TB are the linear absorption coefficients of

A radiation and of B radiation respectively,

in the alloy.

A, B are the atomic weights of elements A, B.

X = (ta/tb) cosec 6.

y = (tp/tb

Wittry develops three expressions, one of which

is the same as Castaing's except for modifications

considering the electron beam inclined at an angle

d to the normal to the specimen surface, and at

90° to the emergent X-ray beam. In a simpler

treatment, Wittry neglects the finite penetration

of electrons into the specimen and this causes the

second term in (6) to vanish, making the equation

voltage-independent which is not the case in prac-

tice. The analytical expression assumed for<^(p2)

in Wittry's third equation approaches more closely

the experimentally determined form of this func-

tion (Fig. 2)10 at the expense of greater complica-

tion in the final result.

The two main assumptions in deriving the above

equations for If/h are thus an analytical expres-

sion for the distribution function (f){pz), and a

relation for the ratio of the primary intensities

from two different elements. The expression

adopted for this ratio by Castaing and Wittry

severely limits their final equations for If/h ,

because it is only valid for K lines and for ele-

ments close together in atomic number. Until the

introduction of this assumption, the derivations

are not restricted in this way.

Birks makes several simplifying assumptions

based partly on empirical data and develops an

expression for use with K lines and in the 25 to

30kv range only. When written in the above nota-

tion this is

If/Id = O.Q 771b-Eab-ijlb^/tb

• [{Eo - EkiB))/(Eo Eku))]'

(7)

where Eab is the "fluorescent excitation effi-

ciency. "^^ (7) is simpler to calculate than (6) but,

for Ca < ^ 10 per cent (7) gives If/h values ap-

preciably greater than those obtained from the

expressions due to Castaing and Wittry.

The most convenient way of using the above

formulas is to plot the appropriate part of the

calibration curve of the apparent concentration

k'A vs. Ca for one or more values of ca either side

of the unknown, since /ca is given by the ratio of

the total measured intensity (// 4- h) emitted by

the specimen, to the measured primary intensity

/pure emitted by a pure standard of element A
under the same conditions of electron bombard-

ment, i.e., kA = {If + h)/Ipure = Ca- (If/h + 1).

Alternatively, a method of successive approxima-

tion starting with kA can be used to obtain Ca by

means of the above relation in conjunction with a

graph of If/h vs. ca • The ratio of measured in-

tensities A'a must be corrected for atomic number

effects, absorption etc. in the usual way. Figure 4

compares the fluorescence of CrKa by Fe with

that of FeKa in Ni at 28.5kv, for X-ray take-off

angle 6 = 20° and normal electron incidence, cal-

culated using Castaing's expression. ^ The effect

of raising the voltage is to increase If/h '• for

ccr = 0.1 in Fe, If/h ~ 0.275 at 35kv and ~0.23

at 19kv. Although requiring considerably more

calculation, the formulas can be applied to alloys

of more than two elements. ^^ Philibert and Biz-

ouard have carried out complete calculations in

the case of some series of Fe-Ni-Cr alloy.^o

Ilyine determines an empirical parameter, "the

coefficient of fluorescence," for a pair of elements

by experiment and this allows calculation of the

fluorescence contribution for all elements of any

binary system, using a relatively simple expres-

sion; it appears that the method could be extended

to systems with several constituents.

In considering the formulas at present available,

it is clear that experimental work is required to

investigate their validity. Castaing's expression

has been widely used but the application of this

is limited and a relation is required for the ratio

of absolute intensities of primary radiations from

two different elements, that will not restrict the

use of the final expression for If/h ;
this would

allow fluoresence corrections to be made in al-

loys of widely spaced atomic number and for

L and M, as well as K, lines. It is likely that some

information may be provided by the work of

Green2i who has investigated the efficiency of

production of characteristic X-radiation in a pure

element before self-absorption, and refers to
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previous work. Mathematical simplification, or

tabulation, to make Castaing's expression more

readily, or simply, calculated, would be helpful.

Fluorescence Excited by Continuous Radi-

ation. A quick estimate is obtained of the relative

importance of the fluorescent radiation coming

from a specimen at the angle of emergence 6 used

in a microanalyzer, by covering the surface of a

pure specimen with a superficial layer of a neigh-

boring element just thick enough to completely

stop the electron beam; thus the incident electrons

do not reach the element below and all emission

from this is excited entirely by fluorescence due

to continuous radiation (the superficial element is

chosen to be incapable of exciting fluorescence by

its characteristic emission). Castaing and Des-

camps22 have carried out this experiment and,

with d = 16°, the ratio [Is/It]pure of the intensity

Is of secondary emission due to continuous radia-

tion directed inside the specimen to the intensity

7^ = 7^ -f 7d of the total characteristic radiation

leaving the specimen, was found to be, for ZnKa,

WLa and BiL«, respectively, 0.036, 0.025 and 0.060

at 20kv, and 0.031, 0.022 and 0.07^ at 29kv (with

relative errors of 10 per cent). By an extension of

this method they also determined the ratio

[Is/Ithure of the fluorescent emission generated

within the specimen, to the total characteristic

radiation; the value of this ratio for ZnKa at

20kv was 0.068 (with relative error <10 per cent).

Comparison of this value with that obtained in

the previous experiment shows that the secondary

emission is heavily absorbed in the specimen, this

being due to the comparatively great depth at

which it is produced. Green^i has derived the

following expression (neglecting absorption) for

the ratio of indirectly to directly produced K
quanta for a particular value of Z:

- = 3.24 X 10-13 -Z^- ^P R

where c is the constant in the Thomson-Whidding-

ton energy loss equation^ and (1 — -R) is the frac-

tional loss of ionization due to back scattering.

This treatment shows indirect production to be

small below Z = 30.

There are two extreme cases in which the effect

of continuous radiation on the apparent concen-

tration measured is considerable; both of these

occur in the analysis of small inclusions whose di-

mensions are just sufficient to absorb all the elec-

tron beam, so that only secondary emission

arises in the matrix. One case arises when the

concentration of the element, A, being analyzed

in the inclusion is zero in the matrix: the total

intensity It of emission from the pure standard

that is actually measured will consist not only of

direct (primary) radiation h , but also of second-

ary radiation 7s excited by the continuous radia-

tion from A, whereas there will be a negligible

fluorescence contribution to the measured in-

tensity /spec from the specimen, since almost all

the secondary radiation from the specimen will

come from the matrix where there is no A . Thus

the measured concentration

kA — lapec/It (-[t]J
and correction can be made for this effect if the

ratio [/s//<]pure is known. Castaing22 quotes ca =

fcA-1.03 for the case of zinc, i.e., if the small de-

posit contained 100 per cent zinc this would be

measured as only 97 per cent, after making cor-

rection for other effects.

A second extreme case arises when the concen-

tration of the element being analyzed is 100 per

cent in the matrix. The measured concentration

can then be said22 to involve a positive absolute

error of

(1--)'^' /It

where Z is the average atomic number of the de-

posit and Za the atomic number of element A;

thus correction can also be made in this case but,

if Ca is small, the error becomes larger than the

term to be corrected and the result of the analysis

is uncertain, e.g., the apparent concentration of

zinc in a deposit of Z = 25 in a zinc matrix, can

appear as at least 2.5 per cent under typical condi-

tions, even if the deposit does not contain zinc.

In the more general case where the specimen is

homogeneous in the region of X-ray penetration

around the analyzed point, the correction term is

more difficult to estimate: fluorescent radiation is

excited in the analyzed line from A , due to a whole

range of wavelengths constituting parts of the

continuous background not only from A but also

of the other elements present. Using as a basis an

equation similar to Castaing's expression for

fluorescence due to characteristic radiation,

Henoc23 has performed the integration over the

range of wavelengths from the minimum of the

continuous spectrum to the K absorption discon-

tinuity of the element being analyzed, in order to

calculate the secondary emission due to the

continuous background; this has been extended

to binary alloys. The resulting expression is in-

evitably rather long and complicated. However,

Castaing and Descamps22 suggest that, as the

correction term is less important in more general

cases than in the two extremes quoted above, it is

sufficient to make an approximate estimate, taking

into account absorption of the continuous spec-

trum in the surrounding region. To do this Cast-

aing24 suggests the formula:

I -tijspec _^t _

jIa In (1 + x)

/^spee X

where

n' cosec d

Mspec

fx' being the mass absorption coefficient of the

analvzed line in the alloy, and jl spec and ma the
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respective mass absorption coefficients in the alloy
and in the element, A, of the mean wavelength of
the exciting radiation, which has to be estimated.
Castaing has stressed^^ that in order to calculate

the fluorescence correction from such a formula,
homogeneity of the specimen around the point
analyzed is assumed, whereas in fact there might
be a considerable change in composition. Thus the
validity of the correction is always uncertain and
he recommends a low angle of emergence d of the
X-ray beam in order to reduce the "fluorescence
uncertainty" to a minimum at the expense of

increased absorption since, provided the specimen
surface is smooth, the absorption correction can
be applied relatively precisely.

Conclusions. The corrections described above
have been dealt with individually, but, in the
general case where several effects may occur at
once, the measured ratio of intensities kA may be
expressed by one equation though in practice it is

found that some of these terms may be negligible.
This gives kA in terms of the true concentration
Ca , modified by the various correction terms, as
follows

:

Ca-
fix). Z/A
/vX'Pure

I

x(ZM)

absorption atomic

number

(1 + If/h + [Is/hU.

I L

/(-&:] )

I

fluorescence character- continuous

due to istic rad- radiation

iation

where, by analogy with the fluorescence contribu-
tion due to characteristic radiation, the fluores-

cence contribution excited by continuous radia-

tion is expressed as a ratio with the measured
intensity of direct emission Id rather than with
the total measured intensity It . There is some
difference of opinion as to the correction treat
ments that should be used, especially for the
atomic number effects, but there is hope that
rigorous determination of all these factors will

become possible in the near future and their calcu-
lation simplified.
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PROBE (ELECTRON): SCANNING AND POINT MICRO-

ANALYZER APPLICATIONS ESPECIALLY IN METAL-

LURGY

Since the development of the first electron-probe

microanalyzer in France,^ by far the greatest

number of applications have been in the field of

metallurg^^ This has resulted from the widespread
interest excited among metallurgists by the early

work in France,"- ^ Great Britain*' ° and the

United States,*''
'^ which has given an indication of

the wide range of metallurgical problems, com-
mercial and otherwise, to which the technique
might be apphed. In addition, the ability of metal
specimens to withstand the impact of the electron

probe without alteration or overheating has sim-
plified both specimen preparation and instrument
design in comparison with, say, mineralogicaP' ^ or

biologicaP' ^° apphcations. It is likely, however,
that the next few years will see an increasing

amount of work carried out in these last two fields

as techniques improve; already several applica-

tions have been published. As a tool in research in

archaeology, the techniques vl\2l\ also be useful.

The emphasis in this article is therefore on
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metallurgical applications, and since these are too

numerous even to list fully, a few typical applica-

tions will be described showing the different modes

of operation of the instrument. The main point to

be emphasized is the relative value of qualitative,

semiquantitative and accurate quantitative work.

The amount of information which can be extracted

from a given point in the specimen is basically

limited by the length of time that the probe is

allowed to spend on it. Thus, while it is possible to

analyse a single Ifi spot with 1 per cent accuracy

with only a few seconds counting time, to carry

out a similar analysis for all the points within a

500ft square would take prohibitively long. On the

other hand, in a particular problem, it may be

more important to know quahtatively how a

given element is distributed over such an area

rather than its precise concentration at a point, in

which case a scanning image may give the required

information in under one minute. It is this knowl-

edge of how to make appropriate use of the various

techniques of point analysis, slow and fast line

scan, image formation, nondispersive analysis, crys-

tal spectrometry, etc., which is the mark of a good

instrument operator.

Scanning Image Formation. We consider first

the use of the microanalyzer to study qualitatively

the distribution of an element over a specimen

surface. A limitation to the image quahty is set

by the statistical nature of X-ray detection, which

normally prevents the attainment of an image

free of graininess or noise. Suppose, for example,

that a count rate of 10,000/sec, the maximum con-

venient in practice, is collected by scanning over,

say, a 300-line square in the specimen, the number

of quanta corresponding to each image point in an

exposure of 2 min. is on the average only (120 X

10V300- = 13 quanta. Since the relative RMS
fluctuation in this is 1/ \/l3 = 28 per_ cent, the

change of contrast between neighboring image

points due to noise will be easily visible. With a

tenfold increase in exposure, however, which is

sometimes justified, the noise is less apparent.

Typical of the quahtative appUcation of the

microanalyzer has been the study of hot shortness

in mild steel, where enrichment of copper, nickel,

tin and other residual elements at the surface can

lead to crack formation during working. This was

demonstrated some years ago at the normal hot-

working temperature of 1200°C," but more recently

the same effect has been studied at a temperature

of 870°C.^- Under these conditions, the copper and

nickel are enriched at grain boundaries near the

surface rather than at the base of the oxide scale,

and diffuse inwards along the grain boundaries to

depths of 50 microns or more.

Figure 1 shows a section of such a material cut

parallel to the surface and within the region of

enrichment. Figure 1(a) is the scanning image

formed by back-scattered electrons, and the con-

trast is mainly due to topographical effects; the

way this type of image is produced is described in

a preceding article." The X-ray images in Figs.

1(b) and (c) were obtained after 25-min exposure

and show the enriched grain boundaries containing

1 to 2 per cent copper and nickel (the two most

intense patches in the copper image are due to

copper sulphide inclusions). By rearranging the

X-ray signal channel to permit image formation

from the output of the rate-meter instead of the

discrete pulses from the amphfier, it was possible

to set the tube brightness to discriminate against

any part of the field containing less than approxi-

mately 0.5 wt per cent copper and nickel. This has

eliminated both the continuous background and

emission from residuals in solution in the bulk at

the 0.2 wt per cent level, and has resulted in a

clearer demonstration in Fig. 1(d) and (e) of the

grain boundary enrichment. It also shows that in

some boundaries the copper concentration exceeds

the nickel, while at others the reverse is true.

Line Scan. If more quantitative information

about the distribution of an element is required,

the next step may be to scan the electron probe

along a line in the specimen and record the count-

ing rate continuously, either on a chart or cathode

ray tube. For comparison, we can consider again

a counting rate of 10,000/sec. recorded as the probe

is scanned along a single line of 300 image points

in two minutes; each point now contributes (120 X

10*)/300 = 4000 quanta, so that the relative RMS
fluctuation is reduced to 1/V4000= 1.6 per cent.

In practice it is desirable to be able to vary the

time of scan from about 10 sees to 1 hr depending

on the accuracy required. At the fastest speed, the

concentration may be plotted on the normal type

of long persistence cathode ray tube, while for

slower speeds it is more convenient to use a chart

recorder.

An example of this type of apphcation is given

in Fig. 2, which shows the variation in chromium

concentration across the scale on an Fe—14.4 per

cent Cr alloy.'* In Fig. 2(a) the trace was photo-

graphed from a cathode ray tube while scanning

the probe along the Hne in 20 sec, the time con-

stant in the ratemeter being set at about 0.2 sec,

i.e., about half the length of time the probe takes to

traverse Ifi. Fig. 2(b) was obtained in a point-by-

point analysis along the same line, though it may
equally well have been plotted on a chart recorder

with similar accuracy in a time of about 5 min.

The faster scan clearly indicates the form of the

distribution and distinguishes the two layers of

scale from each other and from the base metal,

but to measure the concentration in these regions

to within ±1 per cent it is necessary to use the

slower form of scan. In both cases it must be noted

that corrections for absorption and fluorescence

effects must then be applied to obtain the true

concentration, as described in a previous article.'"

Point Analysis. Much of the value of the scan-

ning technique comes from the fact that the quali-

tative information revealed by scanning itself sug-

gests the best points to analyse quantitatively.

There are many applications, however, in which

the use of a scanning technique offers no ad-

vantage. Such cases occur when the points to be

analyzed are well-known beforehand and are

easily located in the optical microscope.

Even in these circumstances the question still
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ELECTRON X 530

.^^S^it^

NI K.

5Qsu^

NI K*. ^ate meter) Cu K-L

Fig. 1. Enrichment in residual elements at grain boundaries near the surface of a mild
steel specimen quenched from 870°C. Photographed with and without "expanded con-
trast", (a) Electron, (b) NiKa (normal), (c) CuKa (normal), (d) NiKa (ratemeter), (e)
CuKa (ratemeter).

arises as to how long should be spent carrying out
the analysis. As a first example we consider the
case of a completely unknown specimen, for which
the first requirement is to determine the major
constituents. A useful technique in this case is to

make use of nondispersive anabasis by inserting a
proportional counter into the direct X-ray beam.
The amplified pulses are displayed on an oscillo-

scope and indicate by their distribution in height
the chief radiations which are present. These can

then be rapidlj^ confirmed with the crystal spec-

trometer without the need for plotting through
the entire spectrum. The appearance of the pulse

monitor screen is illustrated in Fig. 3, which shows
the distribution of pulse heights when the probe

was positioned on a nonmetallic inclusion. The
upper, middle and lower groups of pulses were
shown to arise from MnKa, CaKa and AlKa and
SiKa respectively (because of the imperfect

energy resolution of the counter, AlKa radiation
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f fj^'^x
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20 SEC. LINE SCAN CrKot PA0!ATION 3000 'f^S

sued intensively. Phase diagram determinations

from such measurements have been the sub-

ject of investigation in France^^ and much atten-

tion has been paid to the study of nuclear mate-
rials. In this last context one application^®

illustrates the use of quantitative microanalysis

combined with lattice parameter determination by
X-ray diffraction measurements. This was a study

of a uranium-copper diffusion couple, prepared at

700°C both with and without an external pressure

of 500 kg/cm^. At atmospheric pressure the inter-

mediate phase decreased in copper concentration

as the probe was traversed towards the uranium
and passed through a value of 83 per cent appro-

priate to UCus at a certain position. This was sub-

sequently found to coincide with the position of

OUTER
SCALE

INNER
SCALE

METAL

30 40
MICRONS

QUANTITATIVE POINT ANALYSIS

Fig. 2. Comparison of (a) distribution of chro-

mium across scale in Fe-14.4% Cr alloy obtained
by a continuous slow scan with (b) the uncorrected
point analysis results.

cannot be directly separated from SiKa). It is to

be emphasized that these three groups of pulses are

visible simultaneously, and it is therefore a simple

matter to confirm whether, say, several inclusions

are of similar type or can be divided into two or

more types. If the latter is true, it is then most
easily demonstrated by formation of the X-ray
scanning images in the appropriate radiations.

We now turn to accurate point analysis, for

which many early instruments, in particular the

French instrument, were specifically designed.

Apart from the obvious applications such as in-

clusion analysis, phase determinations, etc., much
work has been devoted to the study of diffusion

couples, particularly with a view to comparing the

composition of phases present with the correspond-

ing binary equilibrium diagram. In the United
States, for example, point-by-point analysis across

diffusion couples^^ and in particular across taenite/

kamacite boundaries in meteorites,'' has been pur-

FiG. 3. Pulse height distribution from non-
metallic inclusion.

Lower group : AlKa + SiKa
Middle group: CaKa
Upper group : MnKo:

Fig. 4. Iron-rich corner of the Fe-Cu-Sn system.

1200°C isotherm.
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minimum lattice parameter. Under pressure, on

the other hand, the composition of the inter-

mediate phase was uniformly that of UCus and

the lattice parameter was likewise constant at its

minimum value.

The value of the microanalyzer for determining

a ternary phase diagram, here part of the iron-

copper-tin system, has been demonstrated by

Melford." Progress in the work on hot shortness in

mild steels, referred to previously, required an ac-

curate knowledge of the 1200°C isotherm, the iron-

rich corner of which is reproduced in Fig. 4. The

key points in this section are the corners of the

triangular three-phase region, which represent the

composition of the austenite, ferrite and liquid

phases which can co-exist in equihbrium with each

other. By guessing the location of this three-phase

region, making up an alloy to fall within it, and

analysing the individual phases, a good idea of the

whole isotherm was obtained. Several more alloys

in the two-phase region were then made up to

enable the boundary of the gamma phase to be ac-

curately delineated. Thus, with under a dozen

alloys it was possible to determine this part of the

isotherm with considerable accuracy; without X-
ray microanalysis it would have been necessary to

prepare something like 30 or 40 alloys, each

chemically analyzed, to obtain the same informa-

tion.

Conclusions. We have seen how the X-ray

microanalyzer may be used for several different

types of apphcations with examples chosen from

metallurgy, though no attempt has been made to

cover these in full, or to describe mineralogical or

biological uses of the instrument. It is likely that

further advances in the application of the tech-

nique will come through combination of X-ray

microanalysis with other methods of analysis. We
have noted the use of an X-ray diffractometer for

lattice parameter measurements ; it is possible that

crystallographic information on a finer scale may
be provided by X-ray Kossel patterns as proposed

by Castaing.^ The development of methods for

preparing thin metal specimens for examination

in the electron microscope increases the value of

combining facilities for electron microscopy and

electron diffraction with X-ray microanalysis in

the one instrument. Although the complexity of

such apparatus is bound to be great, it is likely

that the next few years will see the development

of several types of instruments for these purposes.
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PROBE, INTERMEDIATE X-RAY

Definition. An X-ray probe may be defined as

an instrument for obtaining spatial chemical anal-

ysis and is analogous to the electron probe with

the exception that primary X-rays are used to

excite the characteristic X-ray spectrum. The beam
diameter of the X-ra}^ probe lies in the 50 to 100

micron range as compared to the 1 to 10 micron

diameter of the electron probe.

Instrumentation. The basic instrumentation

consists of a commercial, high-energy, sealed-off

X-ray tube and generator, a means for producing

a fine, intense X-ray beam, a sample translation

stage, a monochromator using focusing or flat

crystal optics, and an X-ray detector which may be

a Geiger scintillation or flow proportional counter

and finally, integrating circuits and a rate-meter

recorder combination. The various components are

described in more detail below.

X-ray Optics. Focusing X-ray optics are the

most efficient and most commonly used in X-ray

probes. There are, however, some instruments

that use nonfocusing optics but these are modifica-

tions of existing X-ray fluorescence spectrographs.

The focusing X-ray optical configuration may be

of the Johansson, Johann, or Cauchois variety.

In everj^ case the arrangements are such as to sat-

isfy the Bragg expression for diffraction, n\ — 2d

sin e where n is an integer and is the order of re-

fraction, X is the wavelength in angstrom units,

d is the lattice constant or distance in angstroms

between the refracting planes of the analyzing

crystal and 6 is the incident angle of the X-rays

being diffracted. The Johansson arrangement in

theory gives a true focus with a point being imaged

as a line. The crystal is bent to a radius R and

ground to R/2. The radius of bending of the crystal

is the diameter of the focal circle known as the
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Cryitol bent t* R
ground to R/2

Cryttal k*nl to R Cryttol b«nl to R

<Ia)

FOCUSSim OPTICS

Fig. 1 (a,b,c)—Various types of focusing arrangements, (la) is the Johansson arrange-
ment with the crystal bent to a radius R and the crystal ground to R/2, R is the diameter
of the Rowland circle, (lb) is the Johann configuration. The crystal is bent to a radius R,
the diameter of the Rowland circle. (Ic) is the Cauchois focusing arrangement. The crystal

is again bent to a radius R, where R is the diameter of the Rowland circle. For the Cauchois
arrangement crystal planes perpendicular to the crystal surface are used to diffract the X-
rays.

Rowland circle. Figure (la) shows this optical

arrangement. It can be shown when Bragg's focus-

ing conditions are met LI equals LI where L =
(n\/2){R/d). Johansson type optics requires that

crystals be both bent and ground, consequently the

number of suitable crystal materials is limited be-

cause of the technical difficulties involved in the

satisfactory grinding of surfaces.

Figure (lb) shows the Johann focusing optics

with unground crystal bent to a given radius R.
The radius of bending is the diameter of the focal

circle. This method of focusing is generally used
with crystals that are not readily ground, such as

mica. In the Johann arrangement a point source is

also imaged as a line (but with some extension).

It has been shown by Johann that this focusing

defect is asymmetric and decreases with increasing

angle. For an incident angle d above 45° the focus-

ing defect becomes insignificant but does cause in-

convenience at glancing angles. Practically, this

type of spectrometer can be very successfully ap-

phed in the X-ray probes.

The Cauchois focusing spectrometer is a trans-

mission type shown in Fig. (Ic). A cylindrically

curved crystal is used in transmission. The
crystal planes perpendicular to the crystal surface

are used to diffract the X-raj^s. The radius of

curvature of the crystal is equal to the diameter
of the focal circle. No grinding of the crystal is

required. This configuration may be used in two
ways, either to focus a converging beam of X-rays
from a large sample to a line on the Rowland
circle 5 to A or to look at a point source of X-
rays on the Rowland circle and diffract a diverging

beam A to B. The advantage of the transmission

arrangement is that one can readily measure char-

acteristic X-rays which diffract at low Bragg
angles.

X-ray probes have also been constructed using

TARGET

COLLI

SAMPLE
FiG^. 2. Colhmator arrangement for the flat crys-

tal X-ray probe. The collimator tube is used to
define the secondary beam. (Courtesy of Kurt
F. S. Heinrich, du Pont de Nemours & Co.)

flat crystal or nonfocusing optics. In such probes
large areas of the specimen are irradiated but
selected small areas for analysis are defined by
the use of a pinhole collimator which is positioned

between the specimen and the flat dift'racting crys-

tal. Figure 2 shows this type of collimation. The
flat crystal optics shown here is inherently less

efficient than the curved cr3'stal configurations dis-

cussed above.
X-ray Tubes. Commercial X-ray tubes of the

type found in conventional X-raj^ fluorescence

equipment are also used in X-ra}' probes. Tungsten
or molybdenum target tubes are the most generally
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COLLAR

CONE
COLLIMATOR

Fig. 3. Cone type collimator for use with focus-

ing optics. The shape of the collimator is used to

produce a pin hole image of the target on the

specimen. Both the collar and the collimator are

threaded so that various collimators can be readily-

interchanged.

PROPORTIONAL
COUNTER

CHARACTERISTIC X-RAYS

APERTURE

Fig. 4. Schematic diagram of X-ray emission

analysis with a fine focus X-ray tube. The focus is

obtained by means of magnetic lenses acting on an
electron beam. A thin transmission target also

functions as the X-ray tube window.

useful. For low atomic numbers chromium target

tubes are somewhat more efficient. Philips Elec-

tronics, General Electric, Machlett and Siemens

are producing tubes specifically designed for X-ray

spectroscopy. Particular emphasis is placed on the

purity of the emitted spectrum.

The above tubes, because of high energy dissipa-

tion, have large focal spots of the order 5 x 10 mm.
For probe analysis it is necessary to produce a

small but intense spot at the sample. This is ac-

complished by collimation and it is possible to

generate a spot which is a pinhole image of the

target on the sample so that the maximum target

energy is used. Figure 3 shows one type of colli-

mator for achieving such results.

Point by point X-ray analysis equipment can

also be constructed about a fine focus X-ray

tube as a source.^ This type of tube utihzes a

focused electron beam and transmission target.

The focal spot may be of the order of one micron

in diameter. The X-ray beam generated is apera-

tured on the specimen as shown in Fig. 4.

Crystals. Many of the crystals used in the mono-

chromators for probes may be obtained commer-

cially, either cylindrically curved and ground for

the Johansson type spectrograph or cylindrically

curved and unground for Johann and transmission

apphcations. The alkali halide crystals, lithium

fluoride or sodium chloride, can be plastically

curved and then ground following the procedure

described by Birks and Seebold." Quartz and mica

crystals must be elastically bent and restrained in

curved condition by proper crystal holders. The

effects of bending and brinding errors are described

by Birks in his text on X-ray spectrochemical an-

alysis.^ Bending errors are more serious than grind-

ing errors.

The crystals used in the nonfocusing type of X-

ray probe are the flat plates found in conventional

X-ray fluorescence equipment. These are mainly

LiF, EDT or ADP.
Detectors. Considerations governing the choice

of detectors for X-ray probes are similar to those

considered in X-ray fluorescence analysis. In gen-

eral, the Geiger counter is the most trouble-free

detector and requires the simplest electronics. The

scintillation counter may also be used. It has the

advantage of a higher detection efiiciency but re-

quires additional electronic circuitry. For the

fighter elements from Ti to Mg inclusive, the thin-

windowed, flow-proportional counter is most ef-

fective and may be operated in vacuum. The

windows of the detector must be supported on

grids and be vacuumtight.

Sample Stages. An important feature of an X-
ray probe is a sample stage permitting fine mo-

tion in an x,y dimension. Since the stage is used

to position the sample in the exciting X-ray beam

it should permit positioning reproducible to at least

0.1 mm. It is also highly desirable to provide a

viewing system for specimen location.

Examples of Existing Probes. X-ray probes

built around focusing optics are in use at the U. S.

Naval Research Laboratory, the U. S. Geological

Survey, and Princeton and Columbia Universities.

A nonfocusing type of X-ray probe is currently in

use at the experimental station of du Pont de

Nemours and similar probes are being marketed

commercially by the General Electric Company
and the Phifips Electronics Company.
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Figure 5 shows the X-ray probe in use at U. S.

Geological Survey. The protective housing has
been removed to make various details visible. A
is the support and housing for the small synchro-
nous motor used for driving the specimen slowly
across the collimated X-ray beam. The specimen
moves 1 mm per minute and is driven in syn-
chronization with a strip-chart recorder. A clutch
arrangement makes it possible to disengage the
motor drive and to manipulate the specimen by
hand to position it correctly in the X-ray beam.
B is a polished section in position. The small area
of the specimen being analyzed lies on the focus-
ing circle. The specimens used are quite varied
but are usually polished sections used for optical

examination consisting of samples imbedded in

plastic. The sample holder is made to take either

1 ^-in. disks or 1-in. blocks, approximately half
an inch thick. C is a microscope mechanical stage
that permits easy and precise motion in two di-

mensions. Z) is a side-window (Machlett OEG-50)
X-ray tube. E is the crystal support block and
crystal. F is a, halogen filled Geiger-Muller tube.
G is another small synchronous motor used to
drive the spectrometer for spectrum tracing and
is run in synchronization with a strip-chart re-

corder. H is a Veeder-Root counter geared to read

the 29 angle directly. / is a clutch arrangement
for disengaging the motor drive so that the
operator can drive the spectrometer manually
with the use of the crank J.

The spectrometer described above is similar to
the one described by Birks and Brooks^ and is

easily constructed. In this type of spectrometer
both the crystal and detector rotate on the focal
circle. The crystal and detector are mounted on
separate arms and are turned by concentric shafts
with the detector arm turning at twice the angular
speed of the crystal arm. The detector must always
be kept pointed towards the crystal and this may
be accomphshed by means of an arm pivoting
about the crystal center or a pulley system as de-
scribed by Birks.^ One disadvantage of the above
spectrometer is the constantly changing field of

view.

A diagram of a fixed field of view spectrometer
is shown in Fig. 6. The crystal is restrained so that
it moves in a straight line away from the speci-

men. As it moves through increasing 2d angles

the crystal and detector lie on a series of focal

circles pivoting about the specimen. The detector

must move along a complex curve called the four-

leaf rose; such spectrometers are found in the

Fig. 5. An example of an X-ray probe using a Johanssori type spectrometer. A is the
support and housing for the small synchronous motor used for driving the specimen slowl}-

across the collimated X-ray beam. 5 is a polished section in position. The area being ana-
lyzed lies tangent to the Rowland circle. C is a microscope mechanical stage. D is a side

window (Machlett OEG-50) X-ray tube. E is the crj^stal support block and cr^'stal. F is a
Geiger counter. G is a small sjmchronous motor used to drive the spectrometer. H is a
Veeder-Root counter to read the 29 angles directly. 7 is a clutch arrangement for disengag-
ing the motor drive so that the operator can drive the spectrometer manually with the
crank /.
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Fig. 6. Diagram of fixed field of view spectrometer used by the Applied Research Labora-

tories of Glendale, California.

Fig. 7a. X-ray probe attachment for the G.E. XIlD-5. The probe is shown in the optical

inspection mode.
7b. Top view of motorized prototype. (Courtesy of K. J. F. Heinrich, du Pont de Ne-

mours & Co.)

spectrographs and electron microprobe manu-
factured by Applied Research Laboratories.

Heinrich has recently published a description of

an attachment to a commercial flat-crystal X-ray

fluorescent goniometer which makes possible the

analysis of small areas. The selection of the sample

is achieved by coUimating the secondary beam.

This device is now being sold commercially by the

General Electric Company. Philips Electronics

has very recently described a similar attachment to

its fluorescence equipment. The Heinrich probe is

made by modifying the sample drawer and coUi-

mating system of the commercial flat-crystal X-ray

spectrometer (the General Electric XRD-5). The

area to be analyzed is inspected by directing a

beam of hght through the sampling collimator in

a direction inverse to the secondary beam from

the sample being analyzed. Figure 7a shows the

probe set up for sample inspection and Fig. 7b is

a top view of a motorized prototype. The author
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states that the use of flat crystal optics presents a
hmitation because signal intensities are sub-
stantially lower than those obtained with curved
crystals, but the simplicity of the system com-
mends it where extreme sensitivity is not required.
Examples of Application. Analysis of small

mineral grains. Specimens of extremely small size

give excellent results. Figure 8 shows the strong
signal obtained for zinc from 0.15 mg of zinc sul-
fide with a focusing X-ray probe. It has been possi-
ble to obtain results on grains almost invisible to
the naked eye, and single grains have been anal-
yzed to aid in identifying minerals. This is of par-
ticular importance where the grain is rare and must
be used for subsequent optical or X-ray diffraction

studies.

Analysis of X-ray Diffraction Spindles. X-ray
diffraction spindles can be treated in the same
fashion as small grains by making the spindle the
line source of fluorescent X-rays. Ambiguities in

diffraction patterns can be resolved rapidly by
determining the major elements present in the
spindles that are recovered intact for future refer-
ence.

Polished and Thin Metallurgical and Mineral-
ogical Specimens. Examples of the use of X-ray
probes in the study of polished sections have been
reported." Sample areas as small as 0.5 mm in di-
ameter have been analyzed. In the study of zon-
ing, it is possible to investigate either a selected
area for all detectible elements or make multiple
traverse of the polished section along a selected line

ZnKdL

0.15 mg. ZnS

(Patterson screen)

Fig. 8. The signal obtained from 0.15 mg zinc
sulfide with the focusing X-ray probe.

Fig. 9. An example of a study of a pyrite min-
eral for ion, selenium and cobalt. The diagram
represents traverses of the specimen for the above
elements along two different lines across the speci-
men.

with the spectrometer set to detect successive ele-
ments. An example of such application is shown in
Fig. 9, a study of a pyrite mineral with a second
mineral intergrown along its edges. The specimen
was traversed along two different lines for iron,
cobalt and selenium. The recordings show that the
selenium varies in an independent way from the
iron and that selenium occurs without cobalt but
the reverse is not true. Where a cobalt peak oc-
curs both selenium and iron are present. Examina-
tion of these traces indicated that the pyrite was
nonseleniferous, and that the gangue contained
areas of native selenium or its oxidation products.
The intergrown edge mineral was probably an in-

termediate member of the FeSes-CoSeo isostruc-
tural series. Other examples of the apphcation of
the X-ray probe may be cited. Heinrich' has per-
formed a quantitative study on copper-nickel dif-

fusion couples with excellent results.

Finally, the X-ray probe is useful for obtaining
preliminary results which may be further re-

fined with the electron probe (q.v.).
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PROBE (MICRO) ELECTRON: ELECTRON, X-RAY AND LIGHT

OPTICS

The electron microprobe is a specialized instru-

ment for nondestructive X-ray spectrochemical

analysis of localized areas as small as 1 micron in

diameter on sohd specimens. It is used primarih' to

analyze local regions in alloys, minerals, biological

sections, particulate matter, and thin evaporated

layers or corrosion films. Its importance in the

first four examples above derives from the fact

that it is often the local distribution of elements in

a specimen that is of interest rather than the

average chemical analysis. With an electron beam
about 1 micron in diameter, analysis is performed

on about 10"^ g of specimen, and as little as 10'"

g of an element can be detected. Thus the electron

probe extends chemical analysis to a physical size

and quantity not possible to achieve by other

analytical tools.

The range of elements that can be measured

with the electron probe is similar to that for

fluorescent X-ray spectrometry, namely, those ele-

ments above atomic number 11 (Na). Elements

below atomic number 11 are also of considerable

interest and research is underway to extend the

range to atomic number 6 (C). The minimum
composition in per cent that can be measured is

hmited by the continuous background that is

always present with electron excitation of X-rays.

Calculated values indicate a limit of about 30

parts per milhon, but the practical limit to date

has been about 100 ppm. This is contrasted to a

detectable limit of about 1 ppm or less with X-ray

fluorescence.

Instrumentation. The electron probe contains

840

three main components as shown schematically in

Fig. 1. The evacuated electron optics column (A)

operates at 5 to 50 kev and forms a beam of about

1 micron diameter on the surface of the specimen

with a current of about 10'" amperes. Curved-

crystal X-ray optics (B) are used to disperse the

characteristic X-ray spectra emitted from the

specimen and to measure their wavelength and

intensity. A viewing microscope (C) allows the

analyst to select the desired area on the specimen

and to position it under the electron beam.

Electron Optics. A typical electron optics sys-

tem is shown in Fig. 2. Electrons are emitted from

1
'

1

ilii

/
tl^^

Fig. 1. Schematic diagram of electron micro-

probe. A. Electron optics; B. X-Ray spectrom-

eters; C. Viewing microscope.

filament

cathode

anode
aperature

I
^ lens

IJ
^rr/TA

viewing

deflection
plates

2"^ lens

a aperature

specimen

Fig. 2. Components of typical electron optics

system.
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the tip of a hot tungsten filament in an electron

gun similar to those used in electron microscopes.

The cathode is at high negative potential of 5 to

50 kev while the anode and body of the instrument

are at ground potential for operator protection.

Two electromagnetic lenses demagnify the image

of the hot filament and focus the electron beam
onto the specimen. The size of the beam at the

specimen depends on the geometric demagnifica-

tion and on the lens aberrations, particularly

spherical aberration. Beam diameters of less than

1 micron are possible with present state-of-the-art

electron lenses.

An added feature in most electron probes is

deflection of the electron beam in two orthogonal

directions to sweep out a raster on the specimen

surface. When the resultant variation in character-

istic X-ray intensity from a particular element is

used to modulate the brightness of a cathode ray

tube sweeping in synchronism with the electron

beam, a television type picture of the specimen

results. Figure 3 shows the display in terms of

MgKa X-rays from a magnesium-37 per cent

thorium alloy. The characteristic X-ray display

may be used for a quick semiciuantitative evalua-

tion of the distribution of elements over a fairly

large area of the specimen surface. Back-scattered

electrons, or electrons collected at the specimen

may also be used to modulate the brightness of

the cathode ray tube. In the case of back-scattered

electrons, the result is a scanning electron micro-

graph and the contrast is primarily due to physical

discontinuities although some contrast is contrib-

uted by variation in atomic number.
X-ray Optics. The fine electron beam generates

essentially a point source of X-rays; therefore

curved-crystal X-ray optics are required in order

to take advantage of the divergent X-ray beam.
Figure 4 shows both reflection and transmission

crystals and their corresponding focusing circles

which intersect at the specimen. The usual rules

for curved-crystals apply—that is, the radius of

curvature of the crystal is equal to the diameter

of the focusing circle, and the surface of the reflec-

tion crystals may be ground to the radius of the

focusing circle to satisfy the best focusing ge-

ometry. Grinding the surface of transmission crys-

tals is less important because the diffracted radia-

tion continues to diverge rather than converge

after leaving the crystal. LiF is the most com-
monly utilized crystal just as in X-ray fluorescence

but quartz, mica and other crystals are also used.

LiF is often curved plastically but may also be

curved elastically if prehardened by irradiation

(about 1 million roentgens from a Co 60 source are

suitable for the prehardening). Quartz, however,

is always curved elastically.

Characteristic X-ray intensitj^ of the K series

lines is of the order of 10,000 counts per second for

100 per cent composition at electron beam currents

of about 10"'' amperes. Background intensity is

higher with electron excitation than in X-ray
fluorescence because the electrons generate a con-

tinuous spectrum as well as the characteristic

lines. It is of advantage to use the longer wave-
length L or M series lines when feasible because

they are further separated from the peak of the

continuous spectrum. Thus, many workers prefer

to use the K series hues only for atomic numbers
from 11 to 35, the L series from number 35 to 80,

and the M series above atomic number 80. Line/

background ratios are in the range of 100/1 to

1000/1 as limited by the continuous background
but ratios as high as 10,000/1 have been reported

for favorable cases such as silicon in a light

matrix.

Simultaneous analysis of several elements is of

greater importance in electron probe analysis than

in X-ray fluorescence because it is desirable to

follow the variation in intensity for two or more
constituents as the specimen is translated from
one area to another. Usually the primary elements

of interest will be known in advance and the X-
ray spectrometers set for those elements. As the

Fig. 3. Displav in terms of MgKa (hght areas)
in a Mg-37% Th alloy.

--^^

Fig. 4. Schematic diagram of curved reflection

and transmission crystals all emploj'ing the com-
mon point source of X-rays generated in the elec-

tron probe.



PROBE, MICRO, OPTICS 842

0-5

0-4

0-3

0-2

O-l-

Experimental Points

O Palluel 0947, I6KV)
Schonland Cl923,lOOKV)
Kanter 0957, lOKV.)

Mulvey and Doe 0960, 23 KV)

Holliday and Sternqlass 0957, 20KV)

lOO

Fig. 5. R is the fractional number of electrons

backscattered without appreciable loss in energj^

as a function of atomic number Z. Reprinted from
J. Appl. Phys. 32 1505 (1961).

specimen is translated, the variation in intensity

of the selected elements is recorded continuously

on strip-chart recorders. Subsequent examination

of the strip charts allows rather accurate deter-

mination of local variation in composition.

Detectors for the X-radiation are tlie same as

in X-ray fluorescence, namely Geiger counters, gas

proportional counters, or scintillation counters. As
is well-known, the amplitude of the pulses from

proportional or scintillation counters is proportional

to the energy of the X-ray quanta. Therefore

these detectors may be used to distinguish the

characteristic X-ray lines from the different ele-

ments without crystal dispersion provided the

elements are separated by three or more in atomic

number. This is called 'energy dispersion' and is

especialb^ useful for the light elements where con-

siderable intensity is lost by crystal diffraction.

The resolution is far poorer than for crystal dif-

fraction, however, so most electron probes con-

tinue to use crystal spectrometers for the majority

of the measurements.
Electron Intensity Measurements. Part of the

electron beam striking the specimen is back-scat-

tered without appreciable; loss of energy. The
fraction back-scattered, R, depends on atomic

number, Z, as shown by the curve of Fig. 5. The
variation of R with Z suggests that back-scattered

or collected electron intensit}^ could be used as a

measure of variation of composition within the

specimen. To measure the variation in collected

electrons, the specimen is isolated from ground

potential by a resistor; the current through the

resistor is measured by a sensitive electronic mi-

croammeter in the range 10"'' to 10""^ amperes.

Back-scattered electron intensity is measured with

a scintillation crystal and photomultiplier placed

near the specimen. Of course, electron intensity

measurements cannot be used directly to dis-

tinguish the elements in the specimen, but they

can be used for quantitative analysis of a known
binary system by relating the back-scattered frac-

tion to average atomic number.
One advantage of electron measurements is that

the effective source size for a 1 micron beam is just

1 micron whereas the effective X-ray source size

for a 1 micron beam may be 2 or 3 microns because

of fluorescent excitation. Thus there is some reason

to reduce the beam size below 1 micron for certain

applications such as showing the existence of fine

precipitates or sharp concentration gradients.

Selecting the Area for Analysis. Analj sis of lo-

calized regions on a micron scale becomes mean-
ingful only if the operator can select the exact area

for analysis and can move c^uickh' from one area

to another. A hght microscope incorporated into

the electron probe is the most convenient method
of \iewing and selecting the area for analysis.

Soxcral means for incorporating the hght optics

are in common use (Fig. 6). In (a), a reflecting ob-

jective mounted coaxially with the final electron

lens allows normal-incidence viewing with good

resolution. Oblique viewing in (6) is better suited

to the low contrast specimens as polished for elec-

tron probe analysis, but some resolution is sacri-

ficed for the improved contrast. In some electron

probes, the specimen is remo\-ed from the electron

beam to a position in front of an optical micro-

scope for selection of the desired area but this

means that viewing and analysis must be done

sequentially rather than simultaneously.

In addition to viewing with some arrangement

of light optics, the electron-beam deflection and

display system described in the paragraph on elec-

tron optics may be used for viewing in terms of

characteristic X-rays or electrons. Combined use of

light. X-rays, and electrons allows optimum selec-

tion of the desired area.

Specimen Preparation. Preparation of speci-

mens for the electron probe depends on the type of

material. For solids such as alloys or minerals, a

metallurgical type of polish is satisfactory. The
final stages of polishing are most conveniently

carried out with diamond abrasive because it will

cut hard and soft portions of the specimen with

almost eciual facility. Etching should be avoided

for electron probe examination because etching,

by its selective nature, removes some components

from the surface and causes a change in composi-

tion at just the position where the measurement is

being made. A flat surface is more important for

electron-probe examination than it is for micros-

copy or X-ray fluorescence because surface rough-

ness will lead to variation in the electron incidence

and X-ray take-off angles. If the specimen is non-

conducting, a thin layer of metal such as alumi-

num, chromium, or manganese must be evaporated

on the surface to make it conducting. This thin

layer of a few hundred angstrom units will not,

in general, interfere with excitation or emergence

of the characteristic X-raj^s.
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Fig. 6. Two systems of light optics for specimen viewing. In (a), a long working distance
reflecting objective yields good resolution but poor contrast because of the highly polished
nature of the specimen surface. In (b), obHque viewing increases the contrast but there is

some loss of resolution. The method shown in (b) is often more satisfactory in the electron
probe.

Biological specimens must be treated in a man-
ner similar to that reciuired for electron microscope
examination. That is, the hquid components must
be removed by freeze drying or other suitable

techniciues without altering the configuration of

the remaining material. After drying, sections a
few microns thick may be cut with a microtome
and mounted on a conducting substrate. The
outer surface should then be coated with an evap-
orated metal layer just as for nonconducting alloys

or minerals. Staining of biological specimens with
metal atoms such as osmium or tungsten is some-
times helpful in delineating structure just as in

electron microscopy.

Particulate matter such as dust, pigments, ex-
tracted residues, etc., must be mounted on a con-
ducting substrate for electron-probe examination.
Evaporated carbon or bulk carbon substrates have
been used by some analysts and high-purity alumi-
num has also been employed successfully. One
important application is the analysis of extraction
replicas where a specimen, such as an alloy with
precipitates, is etched to free the precipitates from
the matrix but leave them in their original posi-

tions on the bulk material. Evaporation of carbon
over the specimen or pressing soft aluminum
against the specimen then removes the particles

still in their original configuration. The advantage
of extraction replicas is that the variation of pre-

cipitate composition with position may be meas-
ured without the interfering effects of the matrix
elements. Also, the composition of precipitates

smaller than the electron beam maj- often be
measured when the strong X-ray intensity from
the matrix elements is eliminated by extraction.

Thin films such as evaporated metals or corro-

sion layers may be measured in the electron probe
if they are removed from the original substrate or

if they do not contain the same elements as the

substrate. For films of 10 to lOOOA, the incident

electron beam will not be completely absorbed
in the film and the X-ray intensity excited will be
correspondingly reduced from that for bulk mate-
rial. Thus, the relative X-ray intensity can be used
as a measure of film thickness, or more correctl}- as

a measure of the number of mg/cm^ of a particular

element in the film. In thin alloy or compound films,

each element is effectively independent of each
other element just as in X-ray fluorescence so that

quantitative analysis may be performed b^' meas-
uring the number of mg/cm" for each component.

Quantitative Analysis. In electron-probe analy-

sis, as in X-ray fluorescence, relative X-raj- inten-

sity* is not linearly related to weight per cent

because of matrix absorption and enhancement. If

known standards of similar composition to the

unknown are available, the usual simple relation

may be used to obtain the composition of any
particular element in the unknown.

WvlW Iv/h

where Wu and Ws are the weight fractions of the

desired element in the unknown and standard

respectively; lu and h are the relative X-ray in-

tensities from the desired element in the unknown
and standard respectiveh'. Suitable standards for

electron prove analysis are much more difficult to

obtain than in X-raj' fluorescence because the

electron-probe standards must be homogeneous
on a micron scale in order to yield the proper

matrix effects compared to the unknown. Spread-

ing the electron beam to cover a large area on an

* By relative X-ray intensity, one means the

intensity of the characteristic radiation from the

desired element in the intermediate composition
divided b^' the characteristic intensity from a bulk
specimen of the same element.
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Fig. 7. Light streaks of approximate FeS com-
position in a chalcopyrite (CuFeSo) mineral ma-
trix.

4 «

If

Zr,Ni ZrNi

Fig. 8. Diffusion zones in Ni-Zr after heating at

900°C. The square black marks are microhardness
indentations used as an aid in positioning in the

exact area desired. Original magnification 300 X,
reproduced at 45%.

inhomogeneous standard is not suitable because

the matrix absorption and enhancement do not

average out over an inhomogeneous matrix.

In the majority of electron probe applications,

suitable standards are not available and it is

necessary to resort to mathematical calculations

for quantitative analysis. Fortunately, the calcu-

lation of relative intensity for an assumed com-
position is considerably simpler in electron probe

anah^sis than in X-ra}' fluorescence because the

characteristic 'K-rays are excited b}^ electrons of a.

single energy and the electron excitation function

is reasonably well-known. The other parameters

required for the calculation are the mass absorp-

tion coefficients which correct for matrix absorp-

tion and the X-raj^ excitation efficiencies which

correct for secondary fluorescence by other ele-

ments in the matrix. Precision b}^ the calculation

method is hmited to the order of 5 per cent of the

amount present because of uncertainties in the

absorption and excitation parameters. Even with

the hmitation of 5 per cent precision, it is usually

possible to determine stoichiometric composition

in precipitate compounds or intermediate alloy

phases. The details of the calculation method are

too lengtlw to incorporate here but may be found

in the selected bibliography at the end of this

chapter.

Applications. Space is not available for any-

thing like a comprehensive coverage of the present

applications of the electron probe in chemical

anah'sis, but most applications fall under one of

four broad headings: (1) semiquantitative identifi-

cation of unknown constituents such as precipi-

tates or segregations; (2) measurement of rates

of diffusion or reaction from quantitative analysis

of known s.ystems; (3) detection of very low con-

centrations in the part per billion range by special

preparation techniques such as precipitation or

zone refining to collect the element of interest into

locahzed higher concentration regions; (4) meas-

urement of film thickness by the reduced X-ray

intensity as compared to that from bulk material.

In addition to chemical analysis, other related

uses for a fine beam of electrons include projection

microradiography, Kossel patterns from single

crystals, and micro X-ray diffraction.

Figure 7 shows white streaks 10 to 20 microns

wide of an unknown constituent^®^ in the mineral

chalcopyrite (CuFeSo). Electron-probe examina-

tion and comparison with other copper-iron sul-

fides such as cubanite (CuFeoSs) and pyrite (FeSo)

indicated an iron composition of about 58 per

cent and a copper composition of less than 5 per

cent. From the iron content and the probability

that the compound was a sulfide, the unknown
was tentatively identified as of FeS composition.

Previous attempts to identify the material by

petrographic and other means had been unsuccess-

ful.

Figure 8 shows the diffusion region in the binary

system Zr-Ni at 900°C. Three intermediate phases

were identified as ZraNi, ZrNi and ZrgNii .
Of

these, the first two had previously been reported

but the Zr3Ni4 had not been observed. In systems

such as Nb-Mo where there is complete sohd solu-

bility, the diffusion coefficient as a function of

composition may be found from the concentration

vs. distance obtained in the electron probe.

Figure 9 shows niobium sulfide precipitates

formed in the Nb-Fe system by the reaction of

sulfur impurity with the diffusing niobium atoms."



845 PRODUCTION OF X-RAYS

"-.-r"^

Fig. 9. Niobium sulfide precipitates in the iron

matrix of a niobium-iron diffusion couple.

Much work remains to be done on impurity inter-

actions and the effect of impurities on diffusion.

Applications to biology are still in the early

stages but measurements have already been made
of calcium variation in bone sections/^ deposition

of copper and iron in membranes of the human
eye/" iron content of dental enamel,^® and iron

and chromium distribution near prosthesis regions

in joints."'' Typical applications in other fields

include nondestructive identification of pigments
in oil paintings,"^ identification of foreign matter
in electron devices and transistors/* corrosion lay-

ers on alloys and nuclear reactor components, dis-

tribution of elements in meteorites/^ and rates of

grain-boundary diffusion .^^' ^

Perhaps the most striking statement that can be
made about the diversity of electron probe appli-

cations to date is that they are merely a prelude

to the variety of things the instrument can and
will do in the future.
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PRODUCTION OF X-RAYS

X-rays are produced in a material whenever en-

ergy in large enough discrete parcels is made avail-

able to that material. The most common method
used to supply this energy is to bombard a target

material with electrons. These electrons acquire

energy as a result of a high voltage which is im-
pressed by external means between an electron

source, usually an incandescent tungsten filament,

and the target. The interaction of these energetic

electrons with the target material results in X-ray
production by two distinct processes. According to

the process involved, the X-rays produced are

called characteristic X-rays or continuous X-rays
(also known as bremsstrahlung).

Characteristic X-rays. The production of char-

acteristic X-rays involves transitions of the orbital

electrons of atoms in the target material between
allowed orbits, or energy states. In a normal atom
there are just enough electrons external to the

nucleus to balance the positive charge of the

nucleus. These electrons can be considered to circu-

late around the nucleus in definite orbits after the

fashion of planets around the sun. The integrity

of each S3'stem, the fact that it does not spon-

taneously fly apart, is guaranteed by the forces

binding the satelhtes to the heavy center. One
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important distinction between these systems is that

in the atom only specific orbits are possible. The

energy involved in the binding of each orbital

electron to the nucleus is very well-defined and

accurately known. The amount of this binding

energy for a given atom is greatest near the

nucleus, becoming steadily smaller in orbits ap-

proaching the atomic periphery. The binding

energy of each orbit is in fact a statement of

the work which must be done on an electron to re-

move it from the atom, and specifically from that

orbit. Comparing similar orbits among atoms of

varying atomic number, the binding energy in-

creases as the sciuare of the atomic number (Z'^).

Now, in the bombardment of a target, the in-

cident electrons attempt to pass the normal atoms

of the target and, for the most part, do so near

the surface. But there are strong forces between

charged particles, and the action of these forces

between the passing (incident) electron and the

target charge (in this case an orbital electron) leads

to work being done by the incident electron on the

orbital electron. Frequently, the work done is ade-

quate to remove the orbital electron from the

atom. When this occurs, the resulting vacancy will

usually be filled by a transition of another orbital

electron (having initially a smaller binding en-

ergy) from its outer orbit to the relatively inner

vacant orbit. The difference between the binding

energies of the two orbits involved in this tran-

sition appears externally in the form of a photon.

Photons emitted as a result of interorbital

electron transitions are known altogether as

fluorescence radiation. A subgrouping of this gen-

eral class is called characteristic radiation, or

characteristic X-rays. These are photons resulting

from the initial displacement of electrons from

the innermost orbits. Orbits are usually classified

in groups, or shells, and these shells are labeled

with successive letters of the alphabet, K being

innermost, followed by L, M, N ... . Thus, pho-

tons resulting from displacement of an electron

from the K shell are known as K X-rays. The
several K X-rays are further subdivided (Ka , K/3

,

. . .
) according to the initial orbit involved in the

transition of the electron to the K-shell. The
name "characteristic" applied to these photons

implies that thej^ characterize primarily the atomic

number of the target atom and secondarily the

actual orbits involved in the transitions. These

photons appear as bright lines with well-defined

energy (hence wavelength) and have enjoyed

wide usage in crystallography and materials analy-

sis.

Continuous X-rays. The production of continu-

ous X-rays, or bremsstrahlung, results from the

interaction of the incident electron with the atomic

nucleus. The attractive force between the negative

charge on the electron and the positive charge on

the nucleus deflects the electron from the direction

of incidence. In being so deflected, the electron

loses energy ; this lost energy appears externally as

a photon.

Now, the amount of deflection depends on the

energy of the incident electron, of course, but

on the closeness of its approach to the nucleus

as well. There are no forbidden regions in this

consideration, so all energy transfers to the pho-

ton are possible up to the full energy of the in-

cident electron. This situation implies a continu-

ous distribution of emitted radiation as the

available range of photon energy or wavelength is

scanned, hence the name, continuous X-rays. The

word bremsstrahlung may be translated to mean
braking radiation and, indeed, the emitted photon

has been hkened to the chck accompanying the

collision of two billiard balls.

Unless special filtration techniques are employed,

most of the radiation in the useful beam of an

X-ray generator will be bremsstrahlung. This is the

radiation which is used in medicine for diagnosis

and treatment of disease and in industry for radio-

graphic inspections of various kinds.

An interesting application of bremsstrahlung

comes from the field of radioactive isotopes. Some
isotopes, P^- for example, emit high-speed elec-

trons (i3-rays) during disintegration, but no pho-

tons. However, the ^-rays can undergo ordinary

bremsstrahlung with the nuclei of nearby atoms,

and even with the nucleus emitting the ^-ray, but

in this case the process is called "inner bremsstrah-

lung." The detection of P^" when the isotope is in-

corporated into some quantity of material is ac-

comphshcd largely by counting the bremsstrahlung.
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PROGRAMMED AUTOMATIC DIFFRACTOMETERS. See Dif-

fractometers: Programmed Automatic.

PROGRAMS, COMPUTER. See Computer Techniques in

Processing all Types of X-Ray Diffraction Data.

PROJECTION MICROSCOPY

The idea of using a small X-ray source for pro-

jecting enlarged images was mentioned by Sievert"^

in 1936. In order to hmit the effective emitting

area, the use of a pinhole aperture was proposed.

This method, usually called the camera obscura

or pinhole camera, was reintroduced by Avdeyenko,

Lutsau and Rovinsky^ at the Cambridge Sym-

posium on X-ray microscopy and microanalysis.

It is equally suitable for both transmission and

emission microscopy.



847 PROJECTION MICROSCOPY

In 1939, von Ardenne^ proposed the use of an

electron optical system to make an X-ray source

of very small dimension and high specific load.

This type of microscope, which was successfully

realized by Cosslett and Nixon* in 1951, is usually

referred to as the projection microscope.

Since 1951, the problems of obtaining better reso-

lution and more reliable instrumentation have

been studied by Cosslett, Nixon and Pearson^

(England), Le Poole and Ong' (Holland), New-
berry and Summers'^ (United States) and Besson^

(United States), among others.

The Projection Microscope. Principle. The
projection microscope is a microfocus X-ray tube,

consisting essentially of an electron source, an

electron optical system, and a transmission type

target (Fig. 1).

The electrons which have an energy of some
5 to 15 kev are focused onto a 1-0.1 fi spot. In most
cases the target acts as a vacuum seal, allowing the

specimen to remain in air. The electron optical sys-

tem optical system usually consists of two lenses

(Fig. 1). Due to the short lifetime of both target

and cathode filament, these elements are replace-

able. Thus, the projection microscope is a demount-
able system continuously evacuated to maintain

the required vacuum.
Properties. The advantage of using X-rays for

microscopy is discussed elsewhere in this volume.

This section will deal primarily with the specific

aspects of the projection microscope as compared
with the more widely used contact method. (See

Microradiography.) These are:

1. The resolution is not limited by the resolu-

tion of either the recording material or the optical

microscope. As the initial magnification can be
adapted to the recording material, the choice of the

film is more a matter of working convenience.

Usually such a film is chosen to allow some 10X
optical magnification. For printing at this mag-
nification a normal enlarger may be used. Le Poole
and Ong,'' however, show that the use of ultra-

fine film (of the Lippmann type) for projection

microscopy has some advantages.

2. The resolution is determined by the effective

source size and diffraction phenomena exclusively.

In the region where diffraction does not affect

the resolution, the unsharpness is a product of

source size and magnification. As a result, the

depth of field is very large. (For diffraction error,

see Microradiography.) The magnification varies

with the source to specimen distance resulting in

a perfect perspective of the specimen. This fact is

particularly important for stereomicroscopy.

3. The specimen and film are spatially separated.

This fact allows us to: (a) study specimens at high

temperature; (b) stud}^ specimens which fluoresce

under X-ray radiation; (c) eliminate the effect of

electron emission. X-ray fluorescent and scattered

radiation on the recording material when using
hard radiation; (d) to study specimens which may
influence the properties of the photographic emul-
sion.

The specimen lies very close to the target of the
projection microscope and great care should be

r7^

electron source

Fig. 1. Principles of construction of X-ray pro-
jection microscope.

taken to avoid interaction between specimen and
target.

4. To reduce spherical and chromatic errors, the

lens must have a short focal length.^"- ^^ As both
the specimen and target he almost in the focal

plane of the lens, the specimen is in the active

region of the lens field. If the specimen consists of

ferromagnetic material it may introduce lens errors

and change the focal condition. If the specimen is

symmetrically aligned with respect to the optical

axis and focusing is performed with the specimen
in position, these errors can be minimized.
Limitations. The Intensity Problem. Since a

microscope is aimed to reveal small details, it must
have a good resolution. The resolution, however,
is among other things proportional to the image
contrast,^^ so the use of long wavelength radiation

is imperative in connection with low absorbing
specimens. Both the source size and the anode volt-

age are limited in their lowest values. This is

caused by the limited specific emission of the cath-

ode combined with lens errors, resulting in a veiy
low current density of the electron spot at the

target.

The current density of the electron spot is

directly proportional to the brightness of the elec-

tron source and the square of the aperture of

the objective lens. The latter is determined by lens

errors, especially the spherical aberration. Calcu-

lations show that for white radiation, the X-ray
energy flux at screen level is

:

p. ^ JV'd'^'Cs-"'b-' (1)

in which J is the specific emission of the cathode;

V, the anode voltage; d, the diameter of the elec-
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tron spot ; Cs , the spherical aberration constant,

and b, the target to screen distance.

Focusing of the electron spot. The energy flux

p^ determines the brightness of the fluorescent

image and the exposure time of the film. At the

expense of this figure, either the anode voltage V

or the source size d can be decreased. The limit

will be determined by the impossibility of visual

focusing on the fluorescent image rather than by

excessively long exposure. An image intensifier

will not give considerable improvement as the con-

trast and thus the visibility of detail will be hmited

by the number of X-ray quanta used for building

an image element. This number is proportional

among other things to the X-ray energy flux at

screen level and the storage time of the eye or

screen. By decreasing the target-to-screen distance

b, the brightness of the fluorescent image can be

increased considerably at the expense of the field

during focusing. The limited field of view is not

serious in this case as in fact, for focusing, one

image element is sufficient.

The condition that the magnification on the

screen must be sufficiently high to insure proper

focusing sets a limit on the smallest screen-to-target

distance. Thus, such a method of focusing must be

considered inadequate for high resolution work.

A better, approach to the "focusing on one image

element" method was realized by Ong and Le

Poole .'^ Instead of X-rays, they used the electrons

which are reflected from the target. The reflection

coefficient of the order of 2 to 5 per cent is greater

than the X-ray efficiency. The electrons which have

the same energy as the incident ones pass the lenses

in opposite direction (see Fig. 2) and give an

enlarged electron image of the spot. For sym-

metry reasons it can easily be recognized that

this image lies in the electron source and has the

same size and shape when the target is in focus.

By using a transverse magnetic field or by slightly

tilting the lens, if it is of the magnetic type, this

secondary image can be separated from the pri-

mary electron path and caught on a fluorescent

screen.

Calculations'^ show that the brightness of this

image is some 10' higher than that of the X-ray

fluorescent screen under normal working conditions.

So, when using this focusing method, the limit will

be set by insufficient stability during long expo-

sure. An important advantage of this focusing

method is that it works with the real specimen in

position and that the focus can be checked during

exposure.

Nixon'* uses the "forward scattered electrons"

to form an enlarged shadow image of a grid for

focusing. The brightness is sufficiently high if an

extremely thin target is used.

Stability. While the problem of focusing is

solved, the intensity problem still remains. Thus

long exposure times are required and during this

time, the microscope must be stable. The stability

concerns

:

a) Electrical stability. Changes in both anode

voltage and lens current cause a broadening of the

TARGET-

ELECTROSTATIC OR

MAGNETIC LENS

SEPARATING
MAGNETIC FIELD

MAGNETIC LENS
SLIGHTLY TILTED

Fig 2 Focusing of projection microscope by means of electrons reflected from target;

secondary image separated from primary electron path by transverse magnetic held (lett;

or slight tilt of magnetic lens (right).
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electron spot. If the electron optical system is not

well-aligned, there will be an associated image

shift. Although electrical stabihty can be achieved

to a very high degree for a short time, it becomes
more difficult to obtain the same stability over

long periods. The use of electrostatic lenses will

not solve this problem because they give more
spherical aberration, resulting in a lower X-ray
intensity, thus necessitating a longer exposure

time. And the combined electron optical and
thermal effect is more serious.

b) Thermal stability. The electron spot on the

target is not the image of the cathode, but that of

the crossover which has a more uniform intensity

distribution and a smaller size. The apparent

position of this crossover depends greatly on the

geometry of the cathode, Wehnelt cylinder and
anode as these elements act as an immersion lens.

Temperature changes effect the optical proper-

ties and thus the position of the crossover. This

effect is especially serious when it is accompanied
with a disalignment of the immersion lens. Bear-

ing in mind that the cathode is at a high tempera-
ture and the surroundings have a relatively large

mass, the temperature may still change consider-

ably during an exposure of more than 20 minutes.

For high-resolution work, refocusing before each

exposure is necessary, even after several hours of

continuous use. Preheating the surrounding parts

may reduce this effect. A more effective solution

will be to use an illuminated pinhole aperture

as the electron source. This possibility is currently

being studied by the author.

c) Mechanical stability. Mechanical stability

may be achieved by appropriately constructing

and mounting the different parts. The most serious

error results from relative movement between
X-ray source and specimen during exposure. There-
fore, these parts need special attention.

Other Limitations. The resolution limitation

due to diffraction is discussed elsewhere in this

volume. Another hmitation of the resolution may
be due to the depth of penetration and diffusion of

the electron in the target. This effect can be re-

duced either by using a low^er voltage or a very
thin target.^^ The effect of carbon contamination
proves to be neghgible when the specific load is

high enough .^^

In contrast with conventional X-ray tubes, heat

dissipation in the target is not a problem."
As the source size becomes smaller, the heat flow

becomes more favorable. The admissible specific

load may be increased proportionally with the re-

ciprocal value of the spot diameter. So, in a spot

size of lyu,, a load as high as 10^ W/cm" can be toler-

ated. However, with the conventional tungsten

cathode this is hardly realizable when low voltages

are used.

Practical X-ray Microscopy. In general, the

brightness of the fluorescence images is so low

that they are not suitable for visual observation.

Another consequence of this low intensity is the

poor contrast. As the visibility of a detail will be

limited by quantum noise, a considerable gain

cannot be expected from an image intensifier un-

less it has a large storage time, preferably with a

contrast correction.

The required storage time can easily be achieved

by using a photographic film. In the wavelength
region normally used for projection microscopy,
the quantum yield, i.e., the number of developed
silver grains per absorbed X-ray quantum, is close

to 1. This results in a linear relation between film

density and exposure. Contrast is proportional to

the density, so for full visual information trans-

fer a contrast correction may be necessar}'."

Although the depth of field of the projection

microscope is large, a thick specimen ma}^ obscure
important detail. Furthermore it needs a longer

exposure time. So the thickness will be determined
by the fact whether we want to see the absorption

distribution in a plane or in a volume. The last

one is made possible by stereomicroscop3^

As the anode voltage and target material de-

termine the spectral distribution of the X-ray
source, they must be adapted to the specimen to

give an adequate contrast. When using mono-
chromatic radiations of different wavelengths,

chemical analysis can be carried out.^® The fact that

the specimen is spatially separated from both film

and target allows us to make a series of exposures

with different wavelengths while still projecting

the specimen at exactly the same angle. This fixed

source-to-specimen position is necessary to get

an unambiguous relation between the specimen and
its projected image.

An example is given in Figs. 3, 4 and 5. The
specimen is a 50 /a section of sandstone with iron-

rich clay matrix, mounted on a 75 mesh/inch cop-

per grid. Figure 3 is obtained when copper radi-

ation is used. Iron has an absorption peak at a

wavelength close to that of copper radiation. From
this picture alone, however, it is impossible to tell

Fig. 3. Projection micrograph of sandstone with

iron-rich clay matrix; copper radiation.
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Fig. 4. Same specimen as in Fig. 3; iron radia-

tion.

Fig. 5. Same specimen as in Figs. 3, 4; photo-

graphic process derived from Figs. 3 and 4, show-

ing iron distribution clearl3^

a dark area in Fig. 3 is due to iron (hghter in Fig.

4) or all but iron (darker in Fig. 4).

Instead of point-by-point comparison, it is possi-

ble by means of a well-controlled photographic

process to obtain the iron distribution of a speci-

men as shown in Fig. 5. This picture is derived

from Figs. 3 and 4. The process of obtaining Fig.

5 is described in more detail by the author else-

where.^^

A direct consequence of the large depth of field

is the fact that the magnification of the image is

not well-defined. It may vary widely over the

different parts of the specimen, especially when

the thickness of the specimen is comparable with

its distance to the source.

For thin specimens, the magnification can be

determined in different ways similar to those used

in light microscopy. The magnification for a thick

specimen can be determined by making a stereo

pair. By a known displacement Ax between the two

exposures the image of each point of the specimen

will be displaced over a distance MAx, in which M
is the magnification. This displacement can be

measured by superimposing the two negatives

with coinciding image boundaries. Of course, the

images before and after the shift can be recorded

on the same film if a more accurate determination

of the magnification is necessary. As in projection

X-ray microscopy, the use of long wavelengths is

very limited by the intensity; the contrast for thin

organic samples is very poor. If the special fea-

tures of this type of microscope are desirable for

such specimen, contrast can be improved by an

ai)propriate treatment. In many cases this kind

of preparation and these staining techniques can

be a modification of existing techniques used in

light and electron microscopy and X-ray medical

diagnostic. For example, I or IKI solutions will

stain cellulose, and OsO* will stain unsaturated

fatty acids. BaSO^-sugar mixture can be fed to

small insects.-" Shadow casting with a heavy metal

will reveal surface structure. RepHcating allows the

study of coarse surface of thick heavily absorb-

ing specimen. For relatively thick specimens such

as fabric, wood particles, diatoms, small insects,

etc., an anode voltage of 10-15 kv can be used

successfully.

The technique of selective staining, like fat par-

ticles by OsOi . is still in its initial stage. Using dif-

ferent staining agents and radiating with X-rays of

different wavelengths may show the distribution of

the concentration of some chemical compounds in

the specimen.

whether a dark area is the result of absorption by

iron in small amounts or other elements in large

amounts. Note that the copper grid appears dark

in spite of the fact that copper shows an absorp-

tion minimum for copper radiation.

Figure 4 shows the same area of the specimen

obtained with iron radiation, for which radiation

iron has an absorption minimum. All the other

elements show only a shght increase in absorption

coefficient as compared with that for copper radi-

ation. Thus we are now able to determine whether
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PROPORTIONAL COUNTERS. See Detectors of Radiation.

PROTECTANTS, CHEMICAL

In radiation biology, the term chemical pro-

tection is used rather broadly to describe any re-

duction in the biologic effect of radiation accom-
plished by administration of substances prior to

exposure to ionizing radiation. A substance capable

of producing such an effect can be termed a chemi-
cal protectant. The wide variety of such agents,

with diverse chemical structures and pharmacologi-

cal actions, implies that more than one mechanism
is involved in securing this protection.

As early as 1909, it was reported that a decreased

blood supply could reduce the sensitivity of the

skin to injury from X-irradiation. The real impetus
to the investigation of chemical protectants, how-
ever, was the increasing realization that in a two-
solute system, the presence of one solute altered

the response of the second. In particular, the in-

vestigations of Dale and of Barron, who studied the

inactivation of enzymes in solutions exposed to

ionizing radiation, pointed to a very important
role of oxidizing free radicals arising from water.

At about the same time, a reduction of radiation

mortality in newborn mice, accomplished by ex-

posure during anoxia, was reported by Lacassagne.
In 1949, a reduction in the lethal effect of X-irradi-

ation in rodents was reported independently by
Bacq, using subtoxic doses of cyanide, and Patt,

using cysteine, as protectants.

Cysteine, which is effective both in vivo and
in vitro, showed a protective effect in rats as well

as mice and became the basis for an intensive

search for chemical protectants. In addition to

cysteine, other compounds with sulfhydryl and
amino groups separated by two carbon atoms were
found to be effective. Of these, cysteamine (/3-mer-

captoethylamine) and S,2-aminoethylisothiouro-

nium(AET) (which can undergo rearrangement to

2-mercaptoethylguanidine (MEG)) have been
most extensively studied. Chemical formulas of

these compounds are shown below

:

H H O

Cysteine

Cysteamine

S, 2 aminoethyl-
isothiouronium

2 mercaptoethyl-
guanidine

HS—C—C-C—OH
I I

H NH.>

HSCHoCHoNH.

H H
I I .H—C C—

S

I I

NHo H

C

u

NH

XH,

NH2 H H
I I I

C N—C—C—SH
II III
NH H H H

For any of these compounds to exert a protective

effect, they must be present in the organism (pre-

sumably within the cells) at the time of radi-

ation. The protective effect is transitory, implying

that the compounds are either excreted or metab-

olized rapidly. The degree of protection increases

with the amount of protectant administered but is

limited by the toxicity of the compound. In com-
parison with cysteine, both cysteamine and AET
act as protectants in lower doses, but the toxic

doses of the latter compounds are also lower.

These agents have also been studied extensively

using bacterial suspensions as the biological test

object. In these systems, the effects of radiation

may be reduced to one-tenth that produced by
equal exposure of unprotected cells. Protection

against the mutagenic action of radiation on bac-

teria has been secured in contrast to the failure

of these agents in protecting gonadal tissue in

mammals. A probable explanation of this differ-

ence may be that these protective compounds do

not reach the interior of mammalian reproductive

cells in concentrations high enough to be efi'ective.

At present, the exact mechanism by which these

sulfhydryl compounds act as protectants is unclear.

At first, the hj^pothesis most widely accepted was

that the radioWsis of water preferentially oxi-

dized these molecules and lessened the destruction

of biologically more critical molecules such as

enzymes, nucleic acids, or structural lipoproteins.

More recently, the hypothesis has been advanced,

especially by Eldjarn and Pihl,^ that a combina-

tion of protectant molecule and cellular molecule

occurs through the formation of a suffur-sulfur

bond. These ''mixed disulfides" presumably confer
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increased stability and resistance to radiation upon

the molecule of which they are a part. The relative

roles of these two mechanisms in affording pro-

tection probably vary in different biological sys-

tems and further investigation is obviously needed.

Other sulfur-containing compounds which have

shown limited but definite protective action include

glutathione, thiourea, certain dithiocarbamates,

and some mercaptoalkylguanidines (such as S,3-

aminopropylisothiourea )

.

In addition to the compounds of the "cysteine-

cysteamine group," agents capable of combining

with hemoglobin have been tested and shown to

possess some protective effect. These agents include

carbon monoxide, sodium nitrite, and p-amino-

propriophenone (PAPP). The latter produces fewer

undesirable side effects, and has been investigated

more extensively. These agents, by reducing the

oxygen-carrying capacity of the blood, cause a

relative anoxia and presumably decrease the forma-

tion of oxidizing free radicals. The necessity of

maintaining some oxygen supply, limits the dose

which can be given, especially since variation in

response between individuals occurs.

A wide variety of pharmacologically active com-

pounds have been reported to have a protective ef-

fect. These include epinephrine, amphetamine,

tryptamine and serotonin. At present, no uni-

versally applicable mechanism can be postulated

for their action.

Enzyme inhibitors, such as cyanide ion and

sodium azide, have been shown to produce pro-

tective effects. Since these agents are no more ef-

fective than those of the "cysteine-cysteaminc

group," they have been less extensively studied.

In general, even the best protectant agents pro-

duce only a reduction of effect and are never

completely protective. In mammals, the best re-

sults which have been consistently obtained are a

reduction of effect to about half that seen in un-

protected animals. Most studies have been based

upon differences in the thirty-day mortality in

mice and rats exposed to whole body X- and

gamma rays. With other forms of ionizing radia-

tion, the chemical protectants are less effective. In

mice exposed to neutron irradiation, for example,

the protection obtained with cysteine is only half

that seen after exposure to X-irradiation.

The pharmacologic effect of many compounds
varies with species. In some cases, the administra-

tion of doses which are protectant in rodents causes

severe reactions in other species. For this reason,

the administration of these agents to humans is

contraindicated at present except under carefully

controlled conditions.
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PROTECTION, RADIATION, WITH BACTERIAL PYROGENS

Bacterial pyrogen is a generic term which refers

to lipopolysaccharide (fat-sugar) substances as-

sociated with, and extractable from, the cell walls

of gram-negative bacteria. Irrespective of the or-

ganism of origin, all pyrogens, in general, pro-

duce similar physiological responses, some of which

might be expected to benefit the irradiated animal

;

these include mobilization of the white blood cells

from the bone marrow and generalized bone mar-

row stimulation, and induction of a resistance to

bacterial infection.

Although pyrogens may be quite toxic, depend-

ing on the method of extraction and extent of

purification, radiation protection has been demon-

strated with far more sublethal, essentially non-

toxic, doses in rats, guinea pigs and mice. The

mouse has been most extensively studied, and in

this species the protective effect of pyrogen has

been quantitated and its limitations described.

In contrast with classical chemical protectants

such as cysteine and related sulfur-containing com-

pounds, pyrogens exert a significant protective ef-

fect when given up to 24 hours after midlethal ir-

radiation (a dose which kills approximately half of

the untreated animals). However, as w^ith chemical

protectants, maximum protection is afforded by

preirradiation treatment; in the case of pyrogen,

at 24 hours before exposure. The following illus-

trates the protective potency of a single 3 micro-

gram (0.000003 g) pyrogen injection in mice ex-

posed to a radiation dose of 700 r. This radiation

dose killed 71 per cent of the untreated animals

within 30 days, whereas mortality was 2 per cent

in a group of animals treated 24 hours before ir-

radiation. In this same experiment, groups of

mice were treated at 2, 8, or 24 hours after irradi-

ation; mortality in these groups was 30 per cent,

27 per cent, and 50 per cent, respectively, indicat-

ing a significant reduction from the 71 per cent

mortality among the irradiated controls. At supra-

lethal radiation doses, that is, doses which kill all

untreated control animals, no postirradiation pro-

tective potency is observed, yet preirradiation

protection may be demonstrated.

Regarding protective potency per se, the prin-

ciple attribute of pyrogen is the effectiveness

when given after irradiation. As a preirradiation

protectant, pyrogen is only about half as effective

as the most promising chemical protectants known

today. However, the use of pyrogens as protec-

tants represents a new approach, all the possibil-

ities and ramification of which have not yet

been thoroughly investigated. The specific mecha-
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nisms with which pyrogens interact to confer

protection are not clearly established.
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PROTECTION AGAINST RADIATION: CURRENT STATUS*

Preirradiation Protection. Although a number
of compounds have been described that are capable
of sufficient protection of mice when given before

exposure to X- or gamma rays, none of these could
be considered a practical agent for protection of

man. On the basis of ease of synthesis, stability and
effectiveness by oral administration, AET (S—(2-

aminoethyl)-isothiouronium bromide hydrobro-
mide)

H3N—CH2—CHo—S—

C

NH2

NH.

Br2

would seem to be the drug of choice. However, the
preliminary tests of AET in man have indicated
that its toxicity may be far too great. Doses no
greater than 25 mg/kg are poorly tolerated by the
majority of individuals to whom the drug has
been given ; and on the basis of work carried out on
mice, it is doubtful whether 25 mg/kg would con-
fer much protection.

It is possible, of course, that other drugs could
be given along with AET to lessen its toxic ef-

fects and to augment its protective action in man.
Nevertheless, one fact seems indisputable : no drug
will provide protection in the mammalian organism
without producing marked biochemical and physi-

ological disturbances. In other words, the pro-
tected animal must necessarily be to some degree
an incapacitated animal, incapable of functioning
normally.

Thus, at least for the present, the idea of pro-
viding the personnel of a space vehicle with a
chemical protective agent is untenable, since it is

doubtful whether such individuals would be able
to function normally and to carry out their neces-
sary duties if heavily dosed with a drug like AET.^

Similarly, the use of these drugs for civil defense
against an atomic attack would be unwarranted. In
the first place, sufficient advance warning would

* Adapted from chapter in "Radiation Protection
in Mammals," by John F. Thomson, Reinhold
Publishing Corp., N.Y., 1962; by permission.

be necessary to permit people to ingest the drug.

Then, granted that this warning could be accom-
plished, the capacity of the individual to protect

himself against the other effects of nuclear warfare,

blast, thermal burns, property destruction, etc.,

could be severely impaired.

The possibility of other compounds being su-

perior to AET in man should not be disregarded.

It is conceivable that diethyl-dithiocarbamate or

mercaptobenzothiazole might be better tolerated

by man, and although these compounds are some-
what less effective than AET in mice, they might
be practiccdly superior in man. However, we feel

certain that these compounds in protective doses
would also prove incapacitating.

One can also indulge in science-fiction fantasies of

protection based on the technique of hypothermia
and hypoxia, whereby a few key personnel would
be sealed in a deep-freeze cabinet during an atomic
attack. This prospect is patently ridiculous since

the time and effort involved in such a procedure
would be much better spent in providing shielding

against radiation. Almost any kind of shielding will

have some protective action, probably more than
could be accomplished by any kind of chemical
prophylaxis now known.
Postirradiation Treatment. The most dramatic

and intensively studied form of postirradiation

therapy is the infusion of bone marrow. However,
homologous bone marrow would be the onh^ type
for man under ordinary circumstances. Thus the

use of homologous bone marrow would be re-

stricted to a very narrow range of radiation doses,

since, unless the victim received enough radiation

to be lethal, the marrow cells would not become
implanted ; whereas if he received more than twice

the LD50 of radiation, bone marrow would be in-

effective in preventing death.

Thus a number of workers in the field have come
to the conclusion that, at the present time, bone
marrow therapy would not be practical in man,
since any degree of recovery that could be achieved
by bone marrow could also be accomplished simply
by careful nursing care and intelligent sympto-
matic treatment.

A regimen of therapy of irradiated humans has

been presented by Cronkite and Bond,^ based on
successful experiments in dogs. These suggestions

may be summarized as follows

:

1. There is no justification for reckless, precip-

itate action immediately after exposure. Several

hours or even days may elapse before any therapy
is indicated.

2. No treatment should be given unless it is in-

dicated clinicall3^ Barring the initial nausea and
vomiting characteristic of sublethal irradiation,

there may be no serious effects.

3. Close attention should be given to fluid and
electrolyte balance and to the red cell, white cell

and platelet count; scrupulous control of infection

must be maintained.

4. Any loss of fluids or electrolytes should be

corrected by administration of appropriate solu-

tions to restore proper balance. Intravenous ad-

ministration may be necessary if intestinal dam-
age is marked.
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5. Antibiotics should not be given prophylacti-

cally. If infection develops, however, large doses

should be given. It may be necessary to try sev-

eral antibiotic preparations to control the infection.

6. If hemorrhage occurs, platelets should be

given ; Cronkite and Bond recommend an amount

equivalent to that found in one-third of the blood

volume of the patient. Platelet infusions at inter-

vals of three to five days may be necessary.

7. Unless there is a specific indication for whole

blood transfusion, such as severe hemorrhage, red

cells should not be given, since overloading the

circulation may be dangerous.

Strict adherence to this regimen will double the

LDso for dogs, and probably could do the same for

man. Cronkite and Bond are skeptical about the

use of bone marrow transplantation, and consider

it only as an adjunct to the transfusion-antibiotic

therapy at high doses.

It is probable that the use of autologous bone

marrow would be beneficial under most circum-

stances. This technique would be impractical for

civil defense, but might be valuable for selected

individuals anticipating a definite, predictable ex-

posure to radiation, as, for example, in space

travel. A portion of each person's bone marrow

could be removed, stored by freezing in glycerol,

then reinfused after exposure. The use of the au-

tologous marrow might not be a decisive deter-

minant of survival, but it would doubtless acceler-

ate the spontaneous recover}^ process. Incidentally,

the withdrawal of sufficient quantities of marrow

would not be an easy or pleasant procedure.

Once again it must be pointed out that shielding

is far superior to any kind of therapy. As Cronkite

and Bond point out, "...even with the best of

therapy, a lethal dose can be raised only by a

factor of 2 or 3." An equivalent dose-reduction

factor can be obtained by what would be consid-

ered relatively poor shielding, i.e., the basement

of a house. Furthermore, postirradiation treatment,

in order to be effective, requires constant attention

to the patient and the full-time facilities of a size-

able group of trained personnel, a doubtful cir-

cumstance in the event of nuclear disaster.

To quote Cronkite and Bond again, ".
. .therapy

of radiation illness is not the answer to the prob-

lem of acute radiation illness. As has been learned

through the ages in medicine, it is the prevention

of disease rather than a cure that is truly effica-

cious. With irradiation problems, effective shielding

from the radiation is the best over-all therapy."

This statement echoes a comment by this author

in 1954,^ "...however, at least for the present,

total-body shielding is the only protective measure

which this reviewer would trust implicitly for him-

self."
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PROTECTION SURVEY

A protection survey is conducted either to vali-

date the radiation aspects in the design of an

original installation involving a radiation genera-

tor, or to check those features which have been

changed by an alteration. A survey consists funda-

mentally of a series of measurements of radiation

levels as the equipment is to be operated, aug-

mented by some ancillary tests. It is convenient

to separate the survey activities into two parts:

those occurring inside the irradiation room, and

those outside the protective enclosure.

The specific tests and measurements which the

surveyor makes will depend on the special fea-

tures of the installation being surveyed. However,

those which are most commonly included are:

Survey in the Irradiation Room.
1. Calibration of output (exposure-dose rate)

and quality (HVL) of the radiation generated

throughout the normal operating range of the

equipment.

2. Determination of time difference between the

actual "open time" of any shutter and the appar-

ent open time as indicated by an exposure-control

timer.

3. Determination of radiation leakage through

the housing with the shutter closed or the primary

beam otherwise blocked. This frequently includes

exposure of X-ray film to examine the leakage

pattern m more detail than a metered instrument

can divulge.

4. Determination of the sufficiency of any limita-

tion devices which are meant to prevent direct

irradiation in specified directions.

5. Particularly in fluoroscopic installations, the

assessment of radiation levels in the vicinity of the

generator during operation of the equipment with

open shutter, including a determination of the

integrity of the shielding around and behind the

fluorescent screen.

Survey Outside the Protective Enclosure.

1. Measurement of radiation levels at representa-

tive points of occupiable space in every available

direction from the source, and for various beam

orientations.

2. Determination of the suflaciency of interlock

devices.

3. Inspection of the integrity of the protective

enclosure, frequently with the use of direct-read-

ing instruments and films.

The surveyor can be expected to prepare a re-

port of his findings. Upon request, and if within

his competence, he may also make recommenda-

tions regarding the installation. If a decision is

made requiring alterations, it will probably be de-

sirable to recall the original designer for consulta-

tion.

Instrumentation for protection surveys varies

among surveyors and the requirements of the in-
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stallation. Calibration of equipment used for ther-

apy (medicine) or radiography (industry) is nor-

mally accomplished with a condenser r-meter;

calibration of medical diagnostic units requires a

rate-indicating device. This rate meter must be
calibrated for the X-ray quality measured and
must be capable of exhibiting a steady reading on
the indicating meter in about 1 second. This last

condition recognizes that the surveyor must not

cause the X-ray tube ratings to be exceeded during

his survej^ activities.

Instrumentation for the lower-radiation level

measurements normally employ ionization cham-
ber detectors with an electrometer amplifier pro-

viding rate indication on a meter. Versions dis-

playing the rate on a meter with a logarithmic

scale are particularly useful. The use of photo-
graphic (X-ray) film to study leakage patterns

may be referred to under Radiation Detectors.

Film is also used in monitoring procedures which
are subsequent to the protection survey itself.

groups. Desoxycorticosterone, a C21 steroid, has

been reported to show radioprotective activity.

Ro 2-7239 is also similar in structure to the Cis

steroids, of which estradiol-17/3 has been reported
to elicit radioprotection.

Other biological properties of Ro 2-7239 which
may be related to its radioprotective activity are

its ability to inhibit physiological proliferation of

the epidermis of normal male rats, and its capacity

to antagonize the androgenic and anabolic activity

of testosterone in castrated, immature male rats.
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PROTECTIVE EFFECTS OF A PHENANTHRENE DERIVATIVE

(WITH SEX DIFFERENCES)

2-Acetyl-7-oxo-l,2,3,4,4a,4b,5,6,7,9,10,10a-
dodecahydrophenanthrene (Ro 2-7239) possessed
radioprotective activity when injected daily into
immature male Swiss mice during the ten days
prior to irradiation by cobalt-60 (LD90-3O days).
The compound both delayed the onset of radiation
death and reduced the total mortahty, the signifi-

cance of the protection afforded by a total dose
of 1.0 mg. at 35 days after irradiation being P <
0.01. Total amounts of 0.25 mg and 0.5 mg yielded
protection of lesser significance. No radioprotec-
tion, however, was ehcited when the compound was
given at the same dose levels to female mice of the
same strain and same age.

It is interesting to note that this compound is

structurally similar to the C21 steroids, except for
the omission of ring D and the two angular meth^l

PROTECTIVE EFFECTS OF THIOL COMPOUNDS IN MAM-
MALIAN SYSTEMS

The injurious effects of ionizing radiation upon
living organisms can be reduced by the adminis-
tration of certain compounds which contain sulf-

hydryl groups. Cysteine, cysteamine, cystamine.
and S-(2-aminoethyl)thiuronium (AET), which
rearranges in alkaline solution to 2-mercaptoethyl-
guanidine (MEG), are among the more useful of

these agents (see formulas).

As can be seen from their formulas, these mer-
captans are structurally related to each other in

having amino or guanidino groups separated from
the sulfhydryl group by not more than two carbon
atoms.

Following administration, these compounds are

generally found in high concentration within pro-
tected tissues, and it is believed that they act at

the site of cellular injury. This view is supported
by the fact that bone marrow cells, thj^mocytes,

fibroblasts, and tumor fragments in nutrient solu-

tions or culture media can also be protected by
the addition of one of the above compounds.
In addition to their protective properties they

are goitrogenic and have a variety of other physio-
logical effects including the release of histamine
and glycogenolytic action. The oxidized or disulfide

forms appear to be more potent in producing the

latter effects. Foremost among the theories at-

tempting to explain the mechanism of action of

thiol radioprotective agents against radiation is

that which pictures them as radical scavengers or

inactivators of the highly reactive, toxic radicals

formed by the irradiation of body water. Another
possible mechanism is their interference with the

direct effects of radiation on the cellular target by
the formation of mixed disulfides with protein

sulfhydryl groups.

lyi vivo demonstrations of protection have, for

the most part, been performed on rodents. Sub-
cutaneous, intravenous, intraperitoneal and oral

routes of administration have all been successful,
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provided the compounds are administered shortly

before the radiation exposure. Although protection

is considerably diminished an hour after injection,

mice have been partially protected up to 5 hours

after the oral administration of AET, and as long

as 24 hours after the injection of glutathione in

a propylene glycol base. Cysteine is also effective

when given before each of two doses of radiation

separated by a short interval; however, neither

cysteamine or cystamine can act in this way.

Protection so obtained can be interpreted as dose

reduction; that is, the effect of a given dose of

radiation is reduced by a factor dependent upon

the particular agent used and the conditions of

administration. This is illustrated by the fact that

the LD 50 of adult male C57BL mice in the 30-

day period following whole-body irradiation is

raised from approximately 670 roentgens to 1150

roentgens by the injection 275 mg/kg of AET in-

traperitoneally. There tends to be a direct rela-

tionship between amount of protective agent

given and dose reduction factor up to a maximum
of about two.

Mice exposed to neutron irradiation are not as

well-protected as those subjected to X- or gamma
radiation. This difference has been ascribed to the

relatively greater importance of direct as com-

pared with indirect effects associated with neutron

irradiation, and, hence, the lesser opportunity for

inactivation of radiation-induced free radicals.

Cysteine, cysteamine and AET are effective against

the toxicity of nitrogen mustard, but not triethyl-

enemelamine, although these are both alkylating

agents and are often referred to as "radiomimetic"

drugs.

Dose reduction in critical radiosensitive tissues

and vital organ systems enables the animal to

survive an otherwise lethal dose (Table 1). For

example, the population of nucleated bone mar-

row cells after irradiation can be sustained by the

prior administration of 2-mercaptoethylguanidine.

NH

NH,

C—NH—CHo—CHo—SH

Preservation of hematopoiesis is also reflected in

the peripheral blood picture. The beneficial affect

of AET upon irradiated small intestine is sho\yn

bv measurements of absorptive function, and DNA
synthesis, and by cellular morphology. However,

testicular atrophy is not as readily prevented and

this is possibly because of the relatively poor con-

centration of protective thiols in this organ. On

the other hand, the subsequent fertility of female

mice receiving cysteamine or cystamine is evi-

dence of chemical protection of the mouse ovary.

Since protective efficacy is determined by the

distribution and metabohsm of the protective

agent in the host as well as by the growth pattern,

vascularity, and site of the neoplasm, in some but

not in all instances dose reduction has been ob-

served in tumors, as well as in normal tissues.

Delaved effects due to radiation tend to be

less influenced than acute effects. Leukemogenesis

is reduced by AET, but increased or unaffected by

cysteamine. Data relative to the induction of con-

genital malformations in mammals are scant. AET
increases the prevalence of dominant and sex-

linked recessive lethals in fruit flies, but pregnant

mice receiving cysteamine before irradiation have

a lower incidence of deformed offspring. Cataract

formation and hair graying are diminished by

cysteine pretreatment in rabbits and mice, respec-

tively.
.

The use of thiol protective agents m larger mam-
mals is limited by their toxicity. In the cat, even

small doses of AET can cause hypotension, brady-

cardia and apnea. Doses as low as 25 mg/kg result

in convulsions and death. The therapeutic ratio

has been increased in dogs by administering a mix-

ture of cysteine and cysteamine, and in monkeys

by combining AET and cysteine. Also, by gradu-

ally increasing the dose of AET fed to monkeys

it is possible to administer an amount sufficient to

protect the animal against supralethal whole-body

irradiation. Studies to date indicate that the maxi-
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Table 1. Manifestations OF Protective Action of Thiol Compounds.

Hemo-
poiesis

Immu-
nity

Intes-
tines

Gonads Skin &
Hair

Tumors

Catar-
act For-
mation

Agent Leu-
kemia-
Lymph-
oma

Other

Cancerogenesis

Glutathione + + - (d^) +

Cysteine + + + *

+
+ +

Cysteamine + + (cT)

+ (9)
+
+ *

+ + -

Cystamine
+ (9) -

2-Mercaptoethylguanidine + ± + ± ± + ,
- f — (mammary)

\+ (leukemia)

Bis-(2-Guanidoethyl) Di-

sulfide

+ + +

* Localized administration.

mum dose of AET tolerated by man parenterally

is below that necessary for protection. However,
the topical administration of these compounds on

the skin and in the gastrointestinal tract has been

used with some success in laboratory animals and

may eventually provide a means of obtaining lo-

calized protection in man.
Emanuel E. Schwartz

PROTECTIVE ENCLOSURES, DESIGN OF

Useful radiation sources will normally exhibit

a dose rate sufficient to produce unwanted effects

as well as the desired purposes. Typical unwanted
effects may be: (1) increase of the background of

nearby counting equipment, (2) exposure of photo-
graphic film in storage, and (3) exposure of workers
and other persons, thus creating perhaps somatic
and genetic changes. Protective enclosures are de-

signed to reduce radiation exposures outside the

enclosure to tolerable levels. Tolerance will vary
depending on which unwanted effect is being re-

duced. Although (1) and (2) above will usually

require more shielding at a given distance from
the source than protection of humans, this latter is

the problem of greatest concern for most installa-

tions.

Just as the protective function varies among in-

stallations, so also does the nature of the source

requiring an enclosure. A radioactive source may
require, in effect, only a storage container. In
another instance it may be a teletherapj' source

which will therefore require a storage container

with a shutter mechanism, and this will be located

in an irradiation room with walls providing sub-
stantial attenuation as well. The X-ray generator
can, of course, be turned off so the protection re-

quirements for the tube housing are set partly bj'

beam colhmation and partly bj^ following recom-

mendations of the National Committee on Radia-

tion Protection (NCRP), which have been pub-

lished in the National Bureau of Standards

Handbook series.

In most instances, when an object(s) is irradi-

ated, "scattered radiation" will be produced, which

will add to the radiation levels against which pro-

tective barriers must be designed and erected. The
character of this secondary radiation changes

markedly, both in quantity and quality, accord-

ing to the generating voltage, the radiation cir-

cumstances, and the angle of scatter.

The specification of the walls, ceilings, and floor

of an irradiation room occupies much of the de-

signer's time. The variety of irradiation patterns,

work loads, and special conditions which are met
in practice make each installation unique. Any
penetration of these barriers produces a probable

radiation leakage and additional shielding consid-

erations must be brought to bear. A partial list

of suspect structures would include doors, door

frames, door locks, windows and frames, wall

switches, conduits, pipes, and ventilation ducts.

Another difficulty is proper handhng of joints

between barriers of widely dissimilar materials.

Two common examples of this are a lead-glass

window in a concrete wall and a leaded door

swinging over a concrete floor without special

treatment at the threshold. Radiation entering the

light material near the junction with the heavy
material will be transported around the heavy
material by the scattering process and will appear

on the protected side of the barrier without all

of the attenuation intended.

For satisfactory specification of barriers it is

important to recall that the half-value layer

(HVL) as used to indicate the quality of the radi-
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ation is not appropriate for protection purposes.

The reason for tliis hinges on the presence or ab-

sence of secondary radiation: in the determina-

tion of HVL, narrow beams are used purposely to

minimize scattered radiation, while in the case of

protective barriers very broad beams are usually

incident and, in consequence, a full measure of

scattered radiation will be found being trans-

mitted through the barrier along with the remam-

ing primary radiation. This circumstance causes

the broad-beam HVL to be substantially larger

than the usual HVL.
One point not universally appreciated is that the

HVL of radiation scattered at 90° tends to be

larger than that of the primary beam for generat-

ing potentials below about 150 kvp. For example,

100 kvp X-rays with 2.5 mm Al filter might have a

HVL = 3.0 mm Al, whereas the radiation scat-

tered at 90° will exhibit a HVL of about 5 mm Al.

This situation may be understood by considering

the attenuation processes involved. The X-ray

spectrum in this range is attenuated mainly by the

photoelectric effect (see X-Ray Attenuation),

which results in no secondary X-radiation of im-

portance. The high-energy end of the spectrum,

however, is attenuated appreciably by Compton

effect. Compton effect is very efficient in main-

taining the incident energy in the form of photons;

very httle energy is transmitted to the secondary

electron for generating potentials in this range.

Thus, the secondary radiation observed laterally

arises only from the most penetrating portion of

the incident radiation and the penetration charac-

teristics of this portion are not greatly altered.

The expert designer is aware of many details

such as this and the reasons underlying them.

Most situations can be handled adequately by

reference to NBS Handbook 60 or 76 (on Protec-

tion Design) and by using the methods and tables

presented therein. The kind of consideration which

is implicitly brought to even the simplest installa-

tion, but which must be explicitly unfolded for

the comphcated situation, is illustrated here for

a Co*^° unit.

1. The initial assumption here is that an ad-

ministrative decision has been made to install a

Co''° teletherapy unit, possibly also the initial

strength of the Co*^° source. The actual unit to be

installed must be chosen next and the enclosure

designer can frequently be very helpful if his

services can start at this point. Details of Co''°

source head leakage, desirability of a backstop, and

actual transmission through the backstop are

some of the factors which are likely to be of con-

cern.

2. For the source chosen (Co'^° here), pertinent

characteristics of the primary and secondary ra-

diation must be known. For a unit with a back-

stop, rather detailed information is required on

the variation of both quantity (exposure-dose rate)

and quality (broad-beam HVL) of the scattered

radiation as the scattering angle is varied.

3. Agreement must be reached on design re-

quirements for the protection of persons occupa-

tionally exposed to radiation, and others as well.

This usually takes the form of exposure-dose

maximum per week and must account for radia-

tion received from sources other than that of the

proposed installation.

4. The work load is determined next. How many

patients will be treated in a "maximum" week,

what is a typical beam size, and what is the dis-

tribution of beam orientations?

5. Scale drawings are made of the proposed in-

stallation area indicating the position of the

source unit with available movement flexibility,

the classification of occupancy for adjacent areas

in all directions, and pertinent notes such as dis-

tances to off-drawing structures.

6. Representative points of interest are chosen.

These locations are usually distinguished from

each other by occupational classification in the

area, by distance from the source, by the nature

of the radiation which on the average approaches

this point, or by some detail of the work load.

7. For each point of interest, it is necessary to

do the following:

a) Compute, for no barrier, the exposure dose

per week from each cause—head leakage, direct

beam (after attenuation by backstop, if included),

and secondary radiation from the irradiated mate-

rial—taking due notice of the work load and

orientations involved. Do not form the exposure-

do.-^e sum at this step.

b) Compute, for an arbitrary trial barrier (using

broad-beam HVL's). the attenuation assignable to

each radiation quality and thence the trial at-

tenuated value for each of the values found in (a),

above.

c) Add the trial values from (b) and compare

this sum with agreed exposure limitations.

d) If the trial barrier produced an acceptable

exposure, proceed to other points of interest before

drawing an over all summary of requirements. If

the exposure is not acceptable, a revised trial bar-

rier can be rapidly estimated by recognizing the

differential of attenuation required and by using

the HVL of the quality contributing the greatest

exposure dose with the first trial barrier.

e) After specifying the ceiling, floor, and walls

by this method, turn to requirements for any

doors, windows, or other penetrations.

8) After the physical installation has been com-

pleted, a detailed source cahbration and protection

survey should be required as a validating act for

use of the installation.
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PROTEIN FIBER STRUCTURES, ESPECIALLY KERATINS: CON-

TRIBUTIONS OF X-RAY DIFFRACTION

The 1962 Nobel Prize award for researches on
the constitution, structure and properties of DNA
(deoxyribonucleic acid) and RNA (ribonucleic

acid), essential materials of life and the hereditary

process, has resurrected interest in the nature and
structures of all proteins, constituted as long mac-
romolecules from the amino acids. The contribu-

tions of X-ray diffraction in the past 30 or more
3^ears, now augmented by electron microscopy es-

pecially, are so numerous it would reciuire an entire

volume to review investigations on a wide variety

of natural proteins in fiber, sheet or globular forms,

synthesized in living processes from about 20 rela-

tively simple amino acids. As fairly typical of struc-

tures the keratins may be selected as to the infor-

mation provided by X-ray diffraction. Even keratin

fibers are imperfectly crystalline and contain ap-

preciable fractions of entirely disorderd or amor-
phous phase. The most remarkable feature is how
much information can be deduced from the very

limited data on these 'poor' fiber patterns. Ob-
viously any model of protein structure must ade-

ciuately account for the few spacings in ordered

regions which are measured from the patterns.

Keratins are natural cellular systems of fibrous

proteins cross-hnked by cystine (one of the amino
acids) sulfur. H. P. Lundgren, of the Western Re-
gional Research and Development Division, U. S.

Department of Agriculture, one of the world's au-

thorities, has demonstrated that keratins have
evolved primarily as a barrier to the environment,
serving to protect the higher vertebrates—amphib-
ians, reptiles, birds and mammals—from the stress

of life. Hence thej^ occur in the outer horny layer

of the epidermis, in horns, hooves, scales, hair and
feathers. Ordinarily they are tough, elastic, and in-

soluble and are elaborated into structures adapted
for mechanical protection, warmth, abrasion re-

sistance, and special purposes such as grasping,

tearing, feeling, digging, climbing, fighting, eating,

flight and ornamentation.

As would be expected, there are several steps in

structural development between the distances be-
tween atoms and the size of a visible object. For a
wool fiber the following levels of dimensions are

representative

:

200,000A diameter of wool fiber

20,000 diameter of wool cortical cell

2,000 diameter of macrofibril

200 thickness of cell membrane
80 diameter of microfibril

20 diameter of protofibril

11 diameter of a-helix

1.5 atomic spacing

Lundgren cites the following interesting informa-
tion concerning growth of a typical wool fiber: 2

inches per year, or 16A per second, and for a diam-
eter of 20 microns, growth is 5 X 10^^A^ per second.
The sheep takes 13 seconds to make a length of

fine wool equal to one X-ray repeat distance of

200A, and the wool folhcle makes 20 million keratin
units of average molecular weight 20,000 per sec-

ond.

X-ray diffraction with the help of chemical in-

formation provides the evidence of how polypep-
tide chains (Fig. 1) of which keratin proteins con-
sist are arranged in the more ordered parts of the
structure. The structures of many of the crj^stal-

line amino acids and their simplest combinations
into di- and tripeptides have been determined as

a basic guide to the more complex combinations in

high polymers. Ten years of intensive and critical

analysis by the most advanced single crystal tech-

niques on such acids and their combinatons led

Corey and Donahue (J. Am. Chem. Soc, 1950, p.

72) to the dimensions of the fully extended poly-

peptide chain (Fig. 2), the basic common unit in

all proteins, including interatomic distances and
bond angles. This reliable information led to the

development of the Pauling-Corey structural mod-
els of proteins and subseciuent modifications. From
such evidence we know that the chains in keratins

exist in two fundamental ordered forms, one heli-

cal and one relatively extended. Electron micros-

copy has demonstrated that keratins of widely dif-

ferent character are composed of fibrillar units 60

to 80A in diameter (the micro- or tonofibrils) which
in turn are aggregated in various ways into optical

microscopic observation.

X-ray diffraction, then, enables classification of

keratins in proving that the main ordered fibrous

component of mammalian keratin consists pre-

dominantly of pol.ypeptide chains in helical con-

figuration while a more extended form is charac-

teristic of many keratin structures of reptiles and
birds. The two tj^pes of configuration were recog-

nized 30 years ago at Leeds by Astbury, whose
pioneer work is still the guide for X-ray diffraction

investigation. He designated a type with 'folded'

chains (now better described as hehcal) as a-

keratin, as distinguished from /3-keratin with ex-

tended polypeptide chains, similar to the configu-

ration already established for the protein of silk

fibroin. In the a-form the spacing of the amino
acid residues in the axial direction is about one-

half that in the /3-form. and a can be reversibly

transformed into (3 on stretching. Astbury and his

associates soon found that the a-structure is com-
mon to several fibrous proteins—keratin, mj'osin

of muscle, epidermin. fibrinogen and fibrin, fa-
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Fig. 1. Polypeptide chains of amino acids, cross-linked by cystine sulfurs, as the backbone

structure of keratins.
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Fig. 2. Interatomic distances and bond angles in

synthetic di- and tri-peptides, quantitatively evalu-

ated by Corey and Donahue as a basis of interpre-

tation of protein structures.

miliarly known to this day as the KMEF group.

All fibrous proteins, then, may be classified accord-

ing to the Astbury scheme as follows

:

1. KMEF Group

a Subgroup—hehcal chains extensible to ^, or

shortened by supercontraction.

1. Fibrous proteins of the epidermis of

mammals, amphibians, and certain fishes

(epidermins and keratins).

2. Fibrous structures such as hair, horn, nails

that arise from mammalian epidermis

(keratins).

3. Myosin from muscle.

4. Fibrinogen and fil)rm from Vjlood.

/3 Subgroup
1. Silk fibroin (most fully extended configu-

ration).

2. /3-phases from a subgroup by stress.

3. Feather, beaks, claws, tortoise shell, scales

derived from epidermis of birds and rep-

tiles.

4. F-Act in.

2. Collagen Group (principal constituents of ver-

tebrate tendons and tissues, yielding gelatin upon

hvdrolysis).
"3. Miscellaneous—Elastin, Reticuhn, etc.

Turning now to the X-ray diffraction patterns

as obtained by Astbury and contemporaneous and

subsequent investigators throughout the world,

Fig. 3 shows a typical fiber pattern of a-keratm

which as previously indicated is the "fingerprint"

of a poorly crystalline material in comparison with

drawn metal wires or even of silk fibroin. The char-

acteristic spacings are 5.14A (a 1.5A interference

is difficult to reproduce) in the meridional direc-

tion of preferred fibril orientation and 9.8A in the

perpendicular equatorial direction. These are in-

terpreted as evidence that all materials yielding a

pattern of a-keratin contain ordered components

with a specific helical configuration of the poly-

peptide chains with extensive hydrogen bonding

between units in the same chain. The hehcals are

of the order of 11A in effective diameter so that a

group of 30 to 60 with associated material would

be required to make up the tonofilament.

Stretched wool provides the pattern of /3-keratin,
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I [G. 3. Usual high angle fiber diffraction pattern for a-keratin.

1

Fig. 4. Usual high angle tiber diffraction pattern for jy-keratm

similar to patterns given bj^ feather, etc., and, as

a limiting case, silk fibroin (Fig. 4). The spacings
corresponding to the intensity maxima are: me-
ridional (in the direction of protein chain ahgn-
ment) 3.34, 7.0, and 25A, and equatorial 4.65 and
9.8A. The evidence then is that polypeptide chains
in /3-keratin, transformed from the a-configuration
by wet heat and stretching, are nearly but not quite
fully extended and are held by hydrogen bonds be-
tween amino acid residues of adjoining chains.

Additional important information is gained from
diffraction patterns made at very small angles for

long spacings not usually resolved on the high-
angle patterns such as shown in Figs. 3 and 4. Ex-
tremely finely colhmated monochromatic X-ray
beams with an enlarged distance from specimen to

photographic film and specimens with especially

well-ordered arrangement, such as porcupine quills,

are used. If there are repeating spacings up into
the hundreds of Angstroms, patterns similar to that
reproduced in Fig. 5 appear. This pattern for col-

lagen made in 1935 in the writer's laboratory was
the first indication of a spacing of 864A along the

m
Fig. 5. Typical small-angle fiber diffraction pat-

tern showing maxima corresponding to long spacing
of 864 A along fiber axis of collagen.

fiber axis, as measured from the meridional inter-

ferences, later confirmed directly in electron mi-
crographs. In a-keratin the repeats along the fiber

axis give rise to meridional spacings including 5.14

and 1.5A, but also 198A in the small-angle patterns,
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which is inferred from the measured 66 .3A, third

order and several higher orders including the 4th,

5th, and 7th. Repeats perpendicular to the fiber

axis give rise to equatorial spacings of 83A in addi-

tion to spacings of the order of 9.8A. In ^-keratin

patterns the 1.5 and 5.1A meridional spacings of the

a-form are replaced by a 3.3^^ spacing for repeat-

ing units along the extended chains. In addition 2

principal equatorial spacings appear, of 4.65A sep-

aration of the chain backbones and 9.7A side-chain

separation. Although the a-helix (Fig. 6) does give

a 1.5A repeat for the rise per residue in the heUcal

axis direction, it does not account for the 5.1A

spacing since 5.4A is the required repeat for 3.6

residues originally proposed by Pauling and Corey.

This discrepancy along with others has resulted in

a considerable number of proposed models of a

keratin of a wide variety of entwined strands or

alignment of small corpuscular units. Suffice it to

say that the evidence from equatorial diffraction

of X-rays is that a-keratins are made up of cylin-

drical fibrillar units, identified with the microfibrils

observed by electron microscopy. The internal

structure of these fibrils deduced from the high-

angle diffraction is based on a-lu^lices, the axes of

which are inclined somewhat to Ihe axes of the in-

862

^

\---\',

Fig. 6. The a-helix model of Pauling and Corey

for a-keratin.

50A^

Fig. 7. The 9-plus-2 model of keratin fibrillar

structure (Rogers).

dividual fibrils (since the axial spacing 5.1A is

shorter than the 5.4A for the a-helix constructed

with atomic distances and angles observed in Fig.

2, and confirmed for some synthetic polypeptides).

To account for the 5.1A as meridional rather than

off-axis the radial component of the axial inclina-

tion must be balanced, as in rope or cable models,

or randomized in direction.

As indicated above, at least four packing patterns

compatible with the larger-scale regularity have

been proposed. Perhaps the most logical and widely

accepted is the 9 + 2 arrangement presented by

Rogers et al. in Austraha, as pictured in Fig. 7.

There is sound electron microscope evidence for

some materials although sharply resolved micro-

graphs for keratins indicating the sheath of nine

cylindrical fibrils surrounding two enclosed are not

yet available. The fundamental periodicity of 198A

in the direction of the fibrillar axis of a-keratin for

the supercoiled a-helix accommodates 144 amino

acid residues, with a molecular weight of about

17,000 as a single-strand unit. An associated group

of 3, as in models based on 3-strand rope including

the 9 + 2 Model or triads, would have unit weights

of 50,000. Unfortunately, inhomogeneity and diffi-

culties of measurement preclude convincing sup-

port of a unit of any precise molecular weight. The

intense 66A meridional spacing on diffraction pat-

terns (the third order of the inferred 198A funda-

mental period) suggests a periodic discontinuity

every 48 amino acid residues, separating portions

that are very similar, but not identical. This may
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result from a repeating chemical sequence or varia-

tions such as variations in perfection of packing
because of bulky side chains, the presence of cross-

linking sites, or the occurrence of a proline residue

(this factor removes collagens from the realm of

a-helices), any of which are incompatible with

local a-helical structure for purely geometric rea-

sons. No matter which of the numerous models is

preferred it is evident that the microfibrillar pro-

tein has substantial portions formed into a-helical

segments about 66A long, as projected on the fiber

axis, separated by chemical and structural discon-

tinuities. Segments of adjoining chains are approxi-

mately aligned, with an average inclination to the
fiber axis determined by comparing the observed
fundamental axial periodicity with the presumed
axially aligned a-helices. The units will be over-
lapped in such a way as to provide continuity of

fibrillar structure.

Calculation from relative areas in electron mi-
crographs indicates that only 30 to 45 per cent of
the microfibrils consists of the ordered keratin re-

sponsible for the characteristic diffraction patterns,
consistent with measurements of relative densities.

Several possibihties have been suggested such as a
matrix made up of more or less globular mole-
cules containing short a-hehcal segments, alter-

nately right- and left-handed, joined by proline
residues and with many cystine cross links between
residues in the same polypeptide chain. Silver pro-
duces in the matrix clear evidence of a longitudinal
repeat of 95A, and the appearance of the matrix is

pseudoglobular with units 50A across.

Feather keratin produces remarkably detailed
and complex diffraction patterns such as illustrated
in Fig. 8. In the growth of feather the main por-
tion is formed in y3-configuration, but there are
definite minor portions, especially the surface layer,
which have a-configuration. Among a number of

Fig. i

keratin.

Fiber diffraction pattern for feather

interpretations the pleated-sheet structure pro-

posed by Pauling, Corey and Branson in 1951 and
illustrated in Fig. 9 seems to provide the most ade-
quate interpretation of the highly complex pat-

terns.

It is evident that in the past 30 years a great

deal of ingenuity and energy has been devoted to

the solution of the mysteries of synthesis of pro-

teins in living processes, and many remain still

unsolved. But the step-by-step progress has given

notably valuable clues to complex structures, cul-

minating in knowledge of DNA and RXA men-
tioned at the beginning of this article recognized

by the 1962 Nobel Prize to three men. The eft'ects

of disease even on keratin structures is a current

challenge. X-ray workers can indeed point with

pride to the contributions from diffraction patterns

OQ) CjO QQ

C^ QQ IjQ OQ

^-r^-^'^-U'Q'

^^r^-oA^-^^r^-QA^

Fig. 9. Pleated-sheet structure proposed for feather keratin (Paulmg and Corey).
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which at first sight seem utterly inadequate in

comparison with the extensive data m smgle-

crystal analysis.
• j u + •

Hundreds of references might be cited, but m-

stead only a single, completely up-to-date source

of information which has all the citations to origi-

nal literature will be indicated *

r. t r^ ..
(jr. Li. L^LARK

PROTEINS: ENERGY REQUIREMENTS FOR INACTIVATION

In the discussion which follows, it will be seen

that X-ray inactivation of proteins in the dry state

occurs as a result of ionizations and that under cer-

tain conditions one ionization event provides the

necessary energy release for inactivation. In order

to calculate the energy required for inactivation of

a protein molecule it is necessary to examine the

processes of energy dissipation by X-rays. Whether

energy loss of X-rays occurs by photoelectric ab-

sorption, Compton recoil processes, or pair pro-

duction, fast electrons are produced which dissi-

pate energy in ionizations along the electron tract.

These ionizations occur in clusters and the fre-

quency of cluster sizes for fast electrons varies as

shown below.

Frequency of cluster

Number of

ionization/cluster

.43 .22 .12 .10 .13

>4

In air the fast electron loses an average of approxi-

mately 33 electron volts (ev) at each ionization

event" and approximately 100 ev/ionization cluster.

In order to describe the process by which X-rays

inactivate proteins in the dry state, it is assumed

that there exists for each protein a radiosensitive

volume which may be larger, smaller, or equal to

the physical volume of the protein molecule. Inac-

tivation of the protein occurs when the required

number of ionization clusters occur within this

radiosensitive volume. The Poisson equation,

is used to calculate the probability that n ioniza-

tions occur within a radiosensitive volume where

the average number of ionization clusters/radio-

sensitive volume is x. If the radiation dose (D)

given to the protein sample is expressed in ioniza-

tion clusters/cm^ and the radiosensitive volume,

V, is given in cm^ then the average number of

ionization clusters/radiosensitive volume is VD.

Thus the probabihty of having zero ionization

clusters/radiosensitive volume is e"^^, one ioniza-

tion —VDe-^°, two ionization

2

* "Symposium on the Ultrastructure of Protein

Fibers," ed. R. Borasky, New York, Academic

Press, Inc., 1963.
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etc. The simplest case to consider is the case where

one or more ionization clusters/radiosensitive vol-

ume cause inactivation of the molecule. Then the

surviving fraction of irradiated molecules is the

fraction having zero ionizations, and this fraction

is the probability of having zero ionization clusters/

radiosensitive volume, thus

surviving fraction = e"^°.

This equation accurately describes the radiation

inactivation of proteins which have been studied

in the dry state. Since one or more ionization clus-

ters/radiosensitive volume but not two or more

ionization clusters/radiosensitive volume are neces-

sary for protein inactivation it follows that a

single ionization cluster/radiosensitive volume is

sufficient to inactivate a protein molecule.

The radiosensitive volume of a protein molecule

in the dry state depends on the environmental

conditions at the time of irradiation. In general

there is a gradual rise in radiosensitivity as the

temperature during irradiation rises from 90° K to

350° K followed by a sharp radiosensitivity increase

for higher temperatures. The radiosensitive volume

for a protein approximately doubles as the partial

pressure of oxygen increases from zero to 760 mm
Hg. The chemical environment influences radio-

sensitivity in a more complex manner. The radio-

sensitivity of dry enzymes has been increased in

the presence of sucrose and sodium chloride, and

decreased in the presence of cysteine and gluta-

thione.

Inactivation studies of proteins irradiated in

vacuum (dry with no oxygen) at room temperature

indicate that a linear relationship exists between

radiosensitive volume and molecular volume. These

studies also indicate that approximately one ioni-

zation cluster in a protein molecule will cause in-

activation. Ionization clusters of one, two, three,

etc., ionizations are usually equally effective in

causing inactivation. Thus clusters containing a

single ionization, for which approximately 33 ev

are released in the protein, will cause inactivation.

Although the average energy release/ionization

is 33 ev many ionizations result in a lower energy

release. In order to determine the minimum energy

required for protein inactivation we must turn to

inactivation studies using low energ>^ electrons. In

these studies thin layers of protein were irradiated

with electrons of energy 1 to 250 ev. Inactivation

efficiency per electron is measurable but very low

in the energy range 1 to 10 ev and increases rapidly

from 10 to 50 ev. From 50 to 250 ev energy the in-

activation efficiency increases slowly. Since the

ionization potential of the atoms of a protein is

near 10 ev, we may conclude that the lowest energy

releases which are effective in causing inactivation

of a protein are those which contain the minimum

energy for ionization.
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Fig. 1. Diagrammatic representation of unit cell

of native cellulose as conceived by Meyer and
Misch.

PULP AND PAPER INDUSTRY: APPLICATIONS OF X-RAY

TECHNIQUES

Considering that the basic raw material of the

pulp and paper industry (i.e. cellulose) is only

partly crystalline* and exhibits a rather poor dif-

fraction pattern, it is surprising that X-ray tech-

niques have found such wide application in this

field. Perhaps the very difficulties of the problem
and the sophistication of the methods necessary

offer their own attraction. Be that as it may, a

tremendous amount of work has been done over

the years covering such diverse topics as the

structure of the cellulose lattice and its several

polymorphic forms, the reaction of cellulose with

other materials and cellulose derivatives, the

structure of cellulose fibers and the effect of

stretching and swelling these fibers, the effect of

cooking and other treatments, and finally the

varied problems associated with the pulping proc-

esses and the manufacture of the paper itself.

These include the analysis of the many raw
materials, of fillers and other additives in the

paper, and the study of engineering problems such

as corrosion, scaling and so on. Most of these

points have been considered in several review ar-

ticles.^'
^

The Crystal Lattice of Cellulose and Its Deriva-

tives. It would seem that a good starting point

* A new theory recently put forward suggests that
the cellulose fiber is wholly crystalline and that
each fibril consists of long cellulose molecules
folded on themselves concertina fashion. Scattering
of X-rays, generally considered to be due to the
amorphous portion, would then be attributed to
imperfections of various kinds in the crystals them-
selves. (R. St. J. Manley, paper read at 49th Con-
vention of the Canadian Pulp and Paper Associa-
tion, Technical Section, January (1963).)

for considering these applications would be the

cellulose lattice itself. Since cellulose is partly

crystalline in nature it has been possible to deduce
a unit cell and to allot values to the lattice spac-

ings. Despite minor modifications suggested from
time to time the unit cell as conceived by Meyer
and Mark^ is still generally accepted (Fig. 1).

This represents the unit cell of native cellulose,

monoclinic in type and with the dimensions as

shown. The strongest line on an X-ray diagram is

that given by reflections of the (002) plane and it

is on this line that measurements with regard to

degree of crystallinity and orientation are gen-

erally made. It is now known that there are at

least four polymorphic forms of cellulose, and
there is some evidence of further modifications.

The most common are cellulose I, the native cel-

lulose found in cotton, ramie, jute, wood, etc., and
cellulose II, the mercerised cellulose found in

rayons. Cellulose II maj^ be formed from cellulose

I by treatment with alkali solutions. In addition

there is cellulose III, formed by heating cellulose

I or II in Hquid ammonia and slowly withdrawing
the ammonia,* or by decomposition of the ethyl-

amine-cellulose complex,^ and cellulose TV, formed
by decomposing cellulose regenerated from xan-
thate solution in glycerin at 200°C° or b}- the con-

version of cellulose III.'^ It is perhaps only to be
expected that, due to the commercial importance
of the viscose process, the properties and conver-

sion products of cellulose II have been dealt with
most extensively. Various aspects of the merceriza-

tion process have been investigated by Hermans
and Weidinger,^ Mukherjee and Woods," Anker-
Rasch and McCarthy," Ranby and Mark,"^ and
Centola, Pancirolli and Borruso^ among others.

Hydration of the different poh'morphic forms of

cellulose has been studied by Champetier and
Legrand.^^ They show that whereas the effect of

water on the X-ray pattern of cellulose I is mereh'
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to change the intensity of the reflections, the unit

itself is changed in the case of cellulose II and III.

The early experiments of this nature were carried

out using photographic techniques, but with the

advent of the X-ray diffractometer, the majority

of workers in recent years are using this instrument

for qualitative and sometimes quantitative evalua-

tion of changes in the cellulose lattice when sub-

jected to either physical or chemical treatment.

The formation and reaction of a large number of

cellulose derivatives have been followed in this

way^* and it is possible to use the diffractometer

tracings for studying degree of substitution in such

materials as cyanoethylated cottons, or degree of

mercerization''' in the formation of cellulose II

from cellulose I.

Arrangement of Cellulose Molecules Within

the Fiber. X-ray techniques have not only helped

to elucidate the dimensions of the unit cell of cel-

lulose and its derivatives, but they have also con-

tributed to our understanding of the way in which

these units are incorporated into the fiber. Tlie

picture of a fiber has gradually evolved in which

highly ordered regions of crystalline cellulose are

interspersed among disordered or amorphous rc-

gions.''' The crystallites or micelles are generally

oriented to a greater or lesser degree in the direc-

tion of the fiber axis. In some cases such as in

flax or ramie they are very strongly oriented,

whereas in the case of cotton they are arranged

in a spiral around the fiber. X-ray studies of fiber

structure in general fall into three categories, viz.

(a) measurements of degree of crystallinity, (b)

measurements of the degree of orientation, and (c)

structural studies of crystallite size, voids, etc.,

carried out with low-angle techniques.

Degree of Crystallinity. Much of the early

work on the determination of the degree of crystal-

linity in cellulose fibers was carried out by P. H.

Hermans" and by Kast.^® Using monochromatic

CuKa radiation Hermans developed a photo-

graphic technique in which the degree of crystal-

linity was calculated based on the ratio of the in-

tensity of the cellulose peak (002) to that of the

background. The measurement of the background

intensity represented the most difficult part of this

measurement and corrections had to be made for

scatter of radiation in the air, Compton scatter

and thermal scatter. Measurements carried out on

(a) (b)

Random Selective

Orientation Orientation

Fig. 2.

a number of native celluloses showed that cotton,

flax and ramie have about the same crystalhnity

(70 per cent), whereas the crystallinity of wood

pulp is slightly less."

This simple concept of alternating crystalline

and amorphous regions has undergone some

changes in the last few years, and other factors,

such as the degree of lateral order, disturbances m
the crystal lattice, and size and continuity of crys-

talline areas are found to complicate the picture.

It has, for example, been suggested'° that cellulose

I does not contain so high an amorphous content

as was previously beheved, but that at least part

of the apparent lack of order is due, not so much

to the amorphous fraction as to imperfections m
the ordered fraction. The idea held earher that

the crystalline-amorphous ratio was inversely

])roportional to accessibility has also lost favor

since It is reahsed that the terms "amorphous"

cellulose and "accessible" ceUulose are not neces-

sarily synonymous. Not only are the cellulose

molecules in the amorphous region accessible to

luiuids but also those molecules lying on the sur-

face of the crystalline areas.

These newer ideas, however, should not m-

\ ahdate some of the interesting results found with

regard to the effect of the reduction of crystallinity

])y dry grinding"-'"'"'' and its restoration by

wetting, the effect of stretching'' and swellingr'

the influence of various modes of drying,"'' and the

effect of beating.-'

Molecular Orientation. Orientation of the crys-

tallites within the fiber appears to be an important

factor in determining its strength and extensibility.

The first serious attempts at measuring this degree

of orientation quantitatively were made by^Sisson

and Clark, using photographic techniques.'' The

method is based on a comparison of the intensity

distribution of the interference maxima of the

(002) plane in the cellulose crystal. If the orienta-

tion of these crystals within the fiber is random as

in a powder photograph, this interference ring will

be uniform as in Fig. 2a. If the ciystals are oriented

strongly in the direction of the fiber the interfer-

ence rings will be condensed into 2 arcs as in Fig.

2b. The extent to which these arcs are compressed

is a measure of the degree of orientation.

In this paper the authors took X-ray photo-

graphs of a bundle of parallel fibers, measured the

intensity distribution around the (002) arc with a

photographic wedge type microdensitometer, and

so obtained distribution curves which could be

treated statistically. Later workers chose to express

these differences in terms of the 40 per cent angle
.'°

This is the angle between a line drawn from the

center of the photograph to the point of maximum

blackening on the arc and a similar line drawn to a

point on the graph which shows 60 per cent of the

maximum transmission, or 40 per cent of the

maximum absorption. Modern techniques using a

recording diffractometer and rotatable mounts

enable these measurements now to be made much

more quickly and with a high precision .='°

The development of these methods has led to a

number of fundamental studies on the deformation
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mechanism of cellulose gels, and the effect of

stretching and swelling on the orientation, by
Hermans and co-workers/^' ^^' ^^' ^* and by Kast.^""

The application of these techniques to the study of

some natural fibers used in the pulp and paper in-

dustry will be seen in a later section.

Low-Angle Scattering Investigations. Although
there is no doubt that conventional wide-angle

measurements as described above have given some
very useful information on the fundamental prop-
erties of cellulose, the application of these results

to technological problems has proved rather disap-

pointing in some cases. There has not always been
the correlation once hoped for between physical

properties, as evidenced by commercial perform-
ance, and the structural properties as deduced by
X-ray methods. Recently researchers have tried a
new approach, namely, low-angle scattering of

X-rays. These low-angle techniques fall into two
categories—those involving diffraction effects aris-

ing from regularb^ spaced particles such as crys-

tallites, and those involving diffuse scattering from
irregularly spaced particles.

The first phenomenon is similar to normal dif-

fraction from crystal lattices, and measures other
periodicities in the fiber such as those due to

regularly spaced crystalhtes. The spacing is large

and, since it is not so regular as in the case of crys-

tals, this gives rise to a rather diffuse pattern.
Using this technique Statton^** and Kiessig^' have
studied periodicites along the fiber axis of artifi-

cial fibers of approximately 200A. No such perio-
dicities appear, however, to exist in natural fibers.

Heyn'^® has used low-angle diffraction patterns to
study the orientation of crystalhtes and the angle
they form with the fiber axis.

Diffuse scattering does not depend on any
periodicity in the structure and does not theoreti-
cally include any interference effects between
particles. In practice, however, it is difficult to
avoid this entirely and some interference maxima
are frequently superimposed on the true diffuse

scattering curve. Such a curve will normally show
no maximum except at 0°. If the particles are
spherical and of the same size the density of film

blackening plotted against distance from the center
will monotonously decrease and the slope of the
line will allow the size of the particles to be calcu-

lated. If the particle size is not uniform, but if the
shape of the particles is known the size distribution

may be calculated. Idealized curves for diffuse

scattering data are shown in Statton's paper re-

ferred to above. Since scattering is caused by dif-

ferences in electron density a scatter pattern may
be given either by crystalhtes in a less dense
medium (i.e., swollen fibers) or by voids in a

densely packed medium (i.e., dry fibers). This
contention that in dry cellulose it is the voids that
cause the scattering rather than the crystallites

is supported by the fact that similar scattering

patterns can be obtained from amorphous mate-
rials. According to Statton the void concept can
satisfactorily explain the changes in pattern by
swelling. This opinion is confirmed by Hermans^^

who carried out tests on a number of dry and
swollen fibers, mostly rayon.

The techniques for these studies are more so-

phisticated than those used for wide-angle meas-
urements, and involve the use of special cameras
and strictly monochromatic radiation. The results

so far obtained are not always easy to interpret,

but there is no doubt that they can add to our
knowledge of the supermolecular structure of fi-

bers, and to their behavior on swelling. According
to Heyn it is possible to use these results as a
means of identifying fibers*" and of calculating the
size and shape of microcrystallites.*'

Relation Between Structure and Properties of
Fibers used in Paper Making. As far as the paper
industry is concerned the aim of the foregoing in-

vestigations into the fine structure of cellulose

fibers is the ability to relate these factors to pulp
properties and finally to properties of the paper
made from them. Among the first attempts to
relate tensile strength to orientation were those
made on cotton fibers by Clark, Pickett and
Farr" and later by Sisson*^ and by Berkley.** Some
correlation was found to exist, but a number of

anomalous results were still unexplained. More
recently Rebenfeld and Virgin,*" again working
with cotton fibers, found a better relation was
given between the orientation and the extensibil-

ity as measured by single fiber elastic moduli
and elongation to break.

The characteristics of wood fibers have re-

ceived rather less attention, possibly due to the
greater complication of the structure of the wood
itself. However, Wardrop has used X-ray tech-
niques to obtain both wide-angle and low-angle
diffraction diagrams of conifer tracheids and drawn
some interesting conclusions with regard to struc-

ture of the micelles, degree of lateral order*® and
orientation.*' By selecting samples of sound and
infected chin sapwood Sen and Banerjee*^ showed
that the cellulose orientation can be changed by
means of enzymatic hydrolysis, since the degree
of orientation in the tracheal axis as shown on
X-ray photographs was apparently much greater
in the infected than in the sound sample. The
structural differences between tension wood and
normal wood have been of interest for some years
and again X-ray techniques have been able to
contribute certain data to supplement that ob-
tained by microscopic and swelling tests. Preston
has shown that in the case of the tension wood of

beech*" the cellulose chains in the walls of the
fibers are oriented more nearly parallel to the
length of the fibers than they are in the case of

normal wood. In wood fibers the cellulose chains
are pictured as lying in a spiral around the cell

wall, and it would appear that in tension wood the
spirals are steeper than they are in normal; this

might account for the fact that tension wood
shows a much greater contraction on drying than
does normal wood. Similar experiments were car-

ried out by Kantola, who investigated the fiber

structure of normal birchwood and tension wood,
with particular reference to its degree of orienta-

tion.
'°
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The important thing now is for the papermaker

to be able to relate these morphological properties

of fibers as deduced from X-ray diagrams to the

physical and chemical properties of pulp, and

thence to papers. In the textile field it has already

been shown that a high degree of orientation with

the crystalhtes lying parallel to the fiber axis gives

rise to a high tensile strength in the fiber direction,

but to brittleness across this direction. This is

given by ramie fibers. Cotton fibers on the other

hand with a spiral orientation of crystalhtes have

a lower tensile strength but are more resihent. It

was found from comparative studies of various

woods used for pulps that similar conclusions may

be drawn. Clark has studied both the degree of

orientation in wood pulps^' and the degree of

crystalhnity.'' In the first paper" pulps were in-

vestigated ranging from unbleached Douglas fir

with a very high orientation to some bleached

pulps with almost random orientation. In general

the increasing order of orientation as shown by

X-ray diagrams agrees fairly well with increasing

tensile strength. For the second part of the prob-

lem, the study of crystallinity, Clark used cam-

era techniques similar to those previously pro-

posed by Hermans and Weidinger," and measured

the crystallinity, density, tensile strength and

tear strength of 23 different pulps subjected to

different treatments. It was shown that bleaching

increases the crystallinity, while mechanical grind-

ing decreases it. The actual values for wood pulps

range from about 56 per cent for a groundwood

pulp up to 68 per cent for a bleached kraft; a

value of 72 per cent was obtained on a cotton

alpha pulp. As far as correlation with pulp proper-

ties are concerned it appeared that the density of

the pulp increases with increasing crystallinity up

to approximately 70 per cent and then remains

constant; the tensile strength appears to be a

function of the amorphous cellulose content but

little correlation seems to be given between tear

strength and crystalhnity. According to Park^'

measurements of the lateral order distribution

allow a means of classifying pulps according to

their supermolecular structure. As the size of the

crystalhtes increases laterally the (002) arc on the

diffraction photograph will become sharper and

decrease in width. If a diffractometer is used the

peak will be narrower. By measuring the width of

this peak at half intensity useful information can

be obtained on the fiber structure of different

pulps. Changes in this value of width at half

maximum are shown during pulping processing.

In the paper industry, these results, while inter-

esting, will only be of academic importance unless

they lead to a better understanding of the structure

and behavior of the paper into which the pulps

are made. Very httle has yet been done on this

aspect of the problem. Now with the good ground-

work laid by workers in the cellulose field there

are tremendous possibilities of application to the

practical problems of papermaking. A start has

already been made. In 1955 Centola published his

results of orientation measurements on cellulose

films and papers.^* Using diffractometer methods

he showed that films, regenerated from solution,

show a more or less marked selective orientation,

depending on the conditions of the cellulose in

solution and on the pressure appHed to the rolls

during its formation. With paper sheets made from

cotton linters and spruce pulps beaten for different

periods of time, it appeared that the degree of

orientation increased with increase in degree of

beating (°SR). Ruck and Krassig'' were also able

to show reasonably good correlation between de-

gree of orientation as shown by the angle at half

maximum intensity of the (002) arc and tensile

strength anisotropy as given by zero span tests

in an "Instron" tester. These workers have only

been concerned with the orientation of the cellu-

lose crvstals in the plane of the sheet, which ap-

pears to be linked with such paper properties as

strength, dimensional stabihty, etc. Hermans and

Aaltio have investigated the orientation in a

plane perpendicular to the plane of the paper."^' It

is possible that this will give information on some

other paper properties, such as, for example, peel

resistance.

In this way over a period of a few decades re-

search workers have progressed from elucidating

the structure of the cellulose molecule itself, to the

structure of fibers, and finally to the study of

pulps and papers. However, although cellulose is

still the largest component of paper the manufac-

ture of this commodity is becoming daily more

and more complex and a vast number of other

additives are used for a variety of purposes. In-

formation on many of these materials may also

be obtained from X-ray data.

As far as identification tests on manufactured

paper are concerned, one of the outstanding ad-

vantages of X-ray diffraction methods is in the

rapid identification of fillers and coatings. There is,

in general, no need for any elaborate sample

preparation; the paper itself is put in the sample

holder as is and a diffraction trace is run in some-

thing less than half an hour. In this way it is

possible to identify clays, calcium sulfate, zinc

sulfate, titanium dioxide, calcium carbonate, mag-

nesium, and calcium sihcates, etc. In the case of

titanium dioxide, it is easy to distinguish between

the rutile and anatase forms, and in the case of

calcium carbonate between calcite and aragonite.

This could not, of course, be done with wet chemi-

cal methods. Sometimes it happens that the parti-

cle size of these materials is so small that the

pattern is poor and these days precalcined clays

are becoming popular. On heating, kaolinite

(Alo03-2Si02-2H20) loses its two molecules of

water at a temperature of 400 to 600°C. At 850 to

1050°C dissociation occurs and the crystal breaks

down to form amorphous mullite, (3AloO -28100)

plus tridymite (SiOs). At about 1350°C, the mul-

lite begins to crystaUize. Precalcined clays are

thus rather difficult to identify. Also, since paper is

generally ashed at 925°C, clay in an ashed sample

of paper gives a very poor pattern indeed.

However, some of the peaks are just discernible.

In a paper containing precalcined clay, identifica-

tion is almost impossible but on ashing the pattern
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is improved since the material becomes more con-

centrated. In difficult cases comparison of the

patterns before and after ashing may yield useful

information. Swanson and Hemstock^"^ have used

X-ray diffraction methods to study the components
of coating clays and the effect of composition on

the flow properties of coating mixes. Although
kaolinite is the main constituent, analysis showed
small amounts of bentonite, which they contain.

Qualitative and quantitative analyses of the

kaolinite-illite-bentonite system have also been
carried out by Talvenheimo and White using dif-

fractometer techniques.^^ Information on particle

size may be obtained from measurements on the

width of the peaks or by small-angle scattering.

Generally speaking, fluorescence or absorption

techniques are preferable to diffraction methods
for quantitative measurements since, with these,

orientation effects are of less importance. Work-
ing along these lines Murray and Johns^® have
proposed an interesting method for measuring
the thickness and weight of clay coatings based
on absorption principles. A method has been de-

veloped by the author for a quick, quantitative

determination of Ti02 in coatings or paper using

an internal standard technique. With the develop-
ment of high gloss coatings and the increasing use

of wax it is possible that X-ray techniques will be
able to tell us something more about the growth,

orientation and size of wax crystals and the rela-

tion of these factors to gloss. Some work has
already been done on the influence of crystal

size and orientation on the water-vapor transmis-

sion of wax films on cellophane.*'" With the de-

velopment of other highly specialized papers
embodying a variety of additives. X-ray tech-

niques, both diffraction and fluorescent, are finding

increasing use for the routine identification of

inorganic and some organic materials; they can
also be used to trace undesirable contaminants.
The presence of Si02 , for example, will cause
dulling of cutting edges and excessive wear of

printing press plates; fillers and coating materials

from the paper may dust off and form a sludge
with printing inks; iron and manganese salts

will have a deleterious effect on ozalid and blue-

print papers; some salts will have effect on the
power factor of electrical grade papers. These
and many other similar problems can sometimes
be solved very quickly by X-ray methods.
One application in which fluorescence techniques

have been particularly useful was in connection
with the determination of iron in pulps. It is be-
lieved that traces of iron and manganese have a
catalytic effect, and to some extent inhibit bleach-
ing. In an investigation aimed at reducing this

iron content an X-ray method was chosen as

being the quickest way of obtaining a large amount
of data in a short time.*'^

The foregoing has shown how X-ray techniques

are applicable to some of the special problems of

the pulp and paper industry. In addition to these

there are those general problems associated with
many other industrial processes such as the analy-
sis of scales, deposits and sludges. These investiga-

tions respond very well to X-ray procedures, and
sampling at different points in an industrial system

leads to increased understanding of the nature of

scale formation and ultimately to steps for pre-

venting it. Scales from solution tanks, stills and
pipes have been analyzed successfullj^ and also

sludges from screens, dryers and pumps. Since

both the phosphates used for water softening and

the carbonates in the original water are materials

which give very good diffraction patterns, boiler

engineers are able to check up on their water-soft-

ening processes. Corrosion problems are also good
subjects for X-ray technicjues; the moh'bdenum
content of stainless steels which is a component
intended to inhibit corrosion can be quickly de-

termined quantitatively by fluorescence techniques.

Should the analysis of a pulp show the presence of

such elements as Ni, Cr and Mo, for example, after

being cooked in a stainless-steel digester, one has a

quick indication that some corrosion is taking place

and trouble can be expected.

X-ray methods have proved an invaluable

weapon in conjunction with infrared techniques,

emission spectroscopy and other phj^sical methods
in a number of detective problems in the paper

industry.
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PURINE NUCLEOSIDES, ETC., IRRADIATION

The term 'purine nucleoside' refers to a group
of naturally occurring compounds which consist
of a purine base with a sugar, usually ribose or
deoxyribose, linked to it at N-9 (Fig. 1). When
the sugar is deoxyribose the purine nucleoside iB

named simply from the purine base, e.g., adenine
deox3Tibose (Ri = NH. , Ro = H), guanine de-
oxyribose (Ri = OH, R2 = NH2). When the sugar
is ribose the name of the nucleoside is commonly
contracted, e.g., adenosine, guanosine. The phos-
phoric acid esters of nucleosides are called nucleo-
tides and esterification can occur at C'-2 (not with
a deoxyriboside), C'-3 or C'-5 (Fig. 2).

The greater part of purines found in Hving ma-
terial are adenine and guanine which are present
as nucleotides in deoxyribonucleic acid (DNA)
and ribonucleic acid (RNA). These nucleic acids
make up 1 to 3 per cent of the wet weight of a
cell and are essential for its continued life and
propagation. Small amounts of free purine nu-
cleosides of adenine, guanine, xanthine (Ri =
R2 = OH) and hypoxanthine (Ri = OH, R2 = H)
are found in tissue, and are intermediates in
nucleic acid metabohsm. Free nucleotides are

Fig. 1. Purine nucleoside (sugar is ribose; for
deoxyribose OH at C-2' is replaced by H).

OH H
I I

OH— P—O— C-

I I

OH H

H
I I

H
OH OH

Fig. 2. Purine nucleotide (5'-ribotide).



PURINE NUCLEOSIDE IRRADIATION

also found which are, especially the di- and tri-

phosphates, important coenzymes. This was hrst

demonstrated for adenosine diphosphate (ADi')

and adenosine triphosphate (ATP) (content 1

per cent wet tissue) but more recently polyphos-

phates of other purine nucleosides were found to

have similar properties. Adenine nucleotides are

also units of other coenzymes such as nicotinamide

adenine dinucleotide(NAD) and its phosphate-

(NADP), flavin adenine dinucleotide and coen-

zyme A The amount of these coenzymes in tissue

is small, ranging from 0.001 to 0.01 per cent. Other

purine nucleosides which have been isolated from

tissue include crotonoside and adenine thiomethyl

pentoside. Puromycin and purine riboside (Ri -

R2 = H) are not present in animal tissue but have

been isolated from bacteria and from a specie of

mushroom, respectively.

The effects of ionizing radiation upon purine

nucleosides and nucleotides are studied usually to

shed some light upon the biological action of the

radiation. When a cell is irradiated the mitia

chemical changes produced will be distributed

amongst the cell constituents in approximately

the same relative proportion as their masses. As

purine derivatives make up only one-tenth to one-

fifth of the dry weight of a cell, damage to the

purines will be a correspondingly small fraction of

the total damage. Interest is focused upon purine

nucleosides largely because they are constituents

of DNA, which occupies a unique and supreme

position in the metabohc life of the cell. Radiation

damage of cell constituents which are abundant or

replaceable will have httle biological effect, but it

is difficult to imagine any damage to DNA which

would not have a profound effect upon the hfe

and function of the cell.

When a living cell is irradiated, chemical changes

arise from two actions, the direct, where a mole-

cule is ionized or excited, and the indirect, where

water is decomposed and the products react with

cell constituents. These two effects are usually

studied separately in a simple if somewhat artifi-

cial way of irradiating chemically pure cell con-

stituents in the dry state (direct effect) and in

dilute aqueous solution (indirect effect).

There has to date been no study of the chemical

effects of ionizing radiation upon dry samples of

purine nucleosides. Recently, electron-spin-reso-

nance methods have been applied to study radia-

F^i

R, ^N^ NH

NHCHO

SUGAR
(or SUGAR- PHOSPHATE )

Fig. 3. Formamido-pyrimidine riboside.
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tion effects in solids and could be extended to

study purine nucleosides

.

The effects of ionizing radiation upon dilute

aqueous solutions of purine nucleosides have been

studied in some detail. The reactions are divided

into two groups: (1) attack upon the base moiety

and (2) attack upon the sugar moiety. Radiation

products are different when dissolved oxygen is

absent during irradiation from when it is present,

and will be considered in turn.

Attack upon the Base Moiety in the Absence

of Oxygen. The main reaction is opening of the

imidazole ring to give the corresponding forma-

mido-pvrimidme riboside (Fig. 3). The sugar re-

mains attached but the glycosidic linkage is acid-

labile. This reaction occurs with nucleosides of

adenine, guanine, xanthine and hypoxanthine, and

also with the corresponding nucleotides. With

ribosyl purine ("Nebularine"), which has different

chemical properties from the more widely occurring

purine derivatives, a formamido-pyrimidine could

not be detected after irradiation in the absence of

oxvgen.
Attack upon the Base Moiety in the Presence

of Oxygen. When dissolved oxygen is present

in the solution throughout irradiation no forma-

mido-pvrimidine is formed. Large amounts of free

sugar are liberated and it is concluded that attack

upon the base moiety in the presence of oxygen

destrovs the ultraviolet absorbing properties of the

ring and cleaves this changed base from the sugar.

The nature or fate of the changed base has not

been estabhshed. Hydroperoxides are not formed,

as is the case with pyrimidines irradiated in the

presence of oxygen. Irradiation of purine nucleo-

tides in the presence of oxygen resembles that of

purine nucleosides. Sugar-phosphate is liberated

and the base converted into a non-ultraviolet-

absorbing form.

Attack upon the Sugar Moiety. When purine

irradiated in the presence and absence of oxygen,

small amounts of free base are liberated, presuma-

bly by hydrolysis of the glycosidic link following

attack upon the sugar. The sugar products have

not been identified.

When purine nucleotides are irradiated, free

base is liberated following attack upon the sugar-

phosphate. Although inorganic phosphate is also

liberated, removal of a phosphate group, leaving

the remainder of the molecule intact, does not

occur with nucleotides, or with the polyphosphates

ADP and ATP. This suggests that attack occurs

on the sugar moiety rather than on the phosphate.

When an aqueous solution of adenosine mono-

phosphate is irradiated, there is formed, in addition

to inorganic phosphate, a labile phosphate which

decomposes slowly at room temperature. The

yields of the inorganic and labile phosphates vary

in a complex way with the position of the phos-

phate group (2', 3', or 5'), the presence of oxygen,

and the nature of the base. It has been suggested

that carbonyl groups are formed in the sugar but

products have not been positively identified.

Radiation Yields and Mechanism of Action. It

is assumed, in the light of widespread evidence,
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that radiochemical changes in irradiated solutions

of purine nucleosides and nucleotides are due to

the action of H and OH radicals. G-values for

these radicals (number per 100 ev) are approxi-

mately 3 for each specie. Assuming that two radi-

cals are required to change one solute molecule

into a stable product, the theoretical maximum
value of G( -Solute) is -- 3 (molecules per 100 ev),

when the solute concentration is high enough for

all radicals to be scavenged.

G-values for destruction of purine nucleosides

by irradiation in the absence of oxygen range

from 1-2 for solutions with an initial concentra-

tion of 10"^ M. The amounts of base attacked are

2-4 times greater than attack upon the sugar

moiety. When oxygen is present during irradiation

the value for G(base attack) increases about

threefold, while G( sugar attack) remains the same

as when oxygen is absent. This suggests that the

character of the radiochemical degradation of the

base moiety is entirely different from that of the

sugar. No further comment can be made upon the

sugar until products have been identified. Data

for attack upon the base moiety is consistent with

the following reaction scheme. H and OH radicals

react with the purine ring to give a purine nucleo-

side (or nucleotide) radical. In the absence of

oxygen these organic radicals react with one

another to give partly a formamido-pyrimidine,

and partly a back reaction to the original com-

pound. When oxygen is present it reacts with all

the organic radicals before they react with one

another.

The (purine nucleoside + Oo) -radicals react with

one another to give an entirely different product

from that obtained in the absence of oxygen.

Further, the back reaction is diminished in extent.
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QUALITY, X-RAY

Webster, in comparing a group of synonj^ms

including the word ''quality," holds that quahty

is "the widest term, imphes any characteristic, ma-

terial or immaterial, individual or generic." Web-
ster knew nothing of X-rays, of course, but we

are applying his words to new situations and have

some responsibilities as a result.

X-rays must usually be considered as a wide

distribution of photon energies, from very low up

to the generating voltage limit (see "Production

of X-rays"). One may not assume a -priori that

the number of photons present at each energy

(that is, the X-ray spectrum) is known. Yet, just

this knowledge is required as a starting point to

be able to understand in detail how the X-ray

beam will interact with material. Determination of

a spectrum is a task of some difficulty even under

laboratory conditions. Logically, knowledge of the

spectrum would be required to specify all the

information required to imply each characteristic

of the radiation; nevertheless this situation is

impractical for routine use, so it has been necessary

to substitute a less informative alternative.

The alternative usually chosen describes the

quality in terms of an entity known as halj-value

layer (HVL). The HVL of a particular radiation

beam is the thickness of a specific material, nor-

mally expressed in milhmeters, which is required

to attenuate that beam to half of the initial value.

For generating potentials below 140 kvp, the at-

tenuating material conventionally is aluminum;
between 140 and 1000 kvp it is copper; and at

1000 kvp and above it is lead. For X-rays below

several million volts, an increase in generating

potential produces a more penetrating radiation,

hence larger HVL. At several million volts and

above, however, the importance of the pair-pro-

duction attenuation process is felt, with the result

that the radiation may indeed become less pene-

trating, so that the HVL loses significance and is

seldom used except perhaps for computing pro-

tection requirements.

Two other entities which are used to describe

radiation quality are found with some frequency.

Both of these are derived from HVL; they are

known as effective wavelength and effective kilo-

voltage. When the HVL for a beam is known,

then an effective attenuation coefficient can be

calculated: /i = 0.693/(HVL). This A would also

be observed if the radiation had been monochro-

matic, and the corresponding wavelength or pho-

ton energy, according to preference, is assigned as

the effective entity. These entities contain no more

information than did the HVL from which they are

derived.

The HVL does not contain very much informa-

tion about quality, so it is useful only within

reasonable hmits. It is quite possible to generate

two beams with identical HVL, one at relatively

high potential and thin attenuating filter and the

other at lower potential and thicker filter. The

second HVL of the first beam would exceed that of

the second beam: the two beams are not of the

same composition, or quality, although they do

have the same (first) HVL. The HVL concept has

utiUty in practice because the filtration of the

beam tends to be increased with increase in gen-

erating potential, and with some uniformity by

various practitioners of a specialty.

Filters tend to be made of the same material

as that for which the HVL is specified. The pur-

pose of a filter, normally, is to adjust the X-ray

spectrum as generated, by preferential attenuation

of the lower energy photons, to provide a beam
with greater apparent penetration. As an example,

consider medical radiography. An X-ray film re-

quires a certain quantity of radiation to be trans-

mitted through the patient; increasing the total

filter to something like 3 mm Al materially re-

duces the dose to the patient, and particularly to

the skin area through which the beam enters.

The measurement of HVL is comparatively sim-

ple but does require the observance of a few pre-

cautions :

1. A detector must be chosen whose response

does not vary noticeably over the quahty range

nor over the exposure dose-rate range resulting

from filtration of the beam to be measured.

2. The geometry must be such as to exclude from

the detector any significant amount of secondary

(scattered) radiation.

The experimental technique consists of:

1. Restricting the radiation beam, by collimation,

to small size, preferably just enough larger than

the detector to assure coverage;

2. Supporting the detector in this small beam
at a distance of at least 10 cm from any irradiated

object, particularly any part of the tube housing;

3. Recording the response of the detector as the

generator is operated with the sequential inter-

position near the target of layers of the material

to be used for the HVL determination

;

4. Plotting the logarithm of the response (direct

or after any normahzation) against thickness of

added filter—a convenient graph for HVL analysis.

The total filter in an X-ray beam is said to con-

sist of the inherent filter plus the added filter. The

added filter includes all material in the beam and

874
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external to the tube in which the radiation is

generated. It is usually placed in the beam by the

user or at his specification; its thickness can then

be determined. Inherent fiUer includes the mate-

rial in the tube wall and any structures internal to

this wall. The materials involved are usually

different from those desired for HVL determina-

tions and their thicknesses are not known outright.

It is possible to determine the equivalent thick-

ness of the HVL material corresponding to these

nonmeasured attenuators, and it is this effective

thickness which is called the inherent filter. The
method used for this determination is comprised

of the following steps: (1) to set up as though for

a HVL measurement, (2) to take measurements for

added filters to a total thickness suflficient to re-

duce the initial intensity by at least a factor of

20, (3) to plot the logarithm of intensity against

thickness of added filter, and (4) to compare this

with a standard attenuation curve which was de-

termined at the same generating potential but with

negligible inherent filter. The National Bureau of

Standards has produced such a set of standard

curves. The curvature of the experimental curve

will coincide with the proper standard curve at

some point, and the thickness (called added filter

on the standard curve) out to the zero-point of

added filter on the experimental curve is the effec-

tive thickness of the attenuating material in the

inherent filter.
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QUANTITATIVE ANALYSIS BY X-RAY DIFFRACTION

X-ra3" analysis for crj'stalline compounds in

powder samples is often used whenever chemical

analysis is either unreliable or impossible. Quanti-

tative analysis is possible because the intensity of

the diffraction pattern of a component in a powder
is proportional to the amount of the component
present (except for absorption effects). The analy-

sis is performed, in principle, by comparing the

intensity of the diffraction pattern of the com-
ponent sought in the sample with the intensity of

its pattern in mixtures of known composition.

Although Hulli first suggested in 1919 that the

diffraction patterns of crystals could be used for

quantitative as well as qualitative analysis no

great interest was aroused until the first signif-

icant application of the principle was described

in 1936 by Clark and Reynolds. ^ The use of X-ray

analysis spread rapidly after publication of this

work. The precise measurement of the intensities

of diffraction lines from photographs of the pat-

tern is difficult, so quantitative analysis by X-ray
diffraction did not become popular until the

Geiger-counter X-ray diffractometer v»'as intro-

duced in 1945.

Effect of Absorption. Usually it is not possible

to compare the intensity of the pattern of the

component sought in a powder with the intensity

of the pure material because of absorption effects.

If a mixture contains a weak absorber and a strong

absorber of X-rays, then the lines of the weak
absorber in the mixture will be relatively weaker,

and the lines of the strong absorber will be rela-

tively stronger than those of corresponding pure

materials. To circumvent this difficulty, Clark

and Reynolds and others that followed shortly

used an internal standard.

Theory of Analysis. Alexander and Klug'^ have

shown that the basic intensity-absorption rela-

tionship underlying all quantitative X-ray dift"rac-

tion analysis (for the case of diffraction from a

flat cake of powder) as is used in an X-ray dif-

fractometer) is

lij
Ki,X,

>j[Xj(^j* - Hn*) + 1^"*]
(1)

where In is the intensity of the i line in the Debye-

'

Scherrer pattern of component j in the sample,

Xj,pj, and fxj* the weight fraction, density, and

mass absorption coefficient respectively of com-

ponent, j, and nm* is the mass absorption coeffi-

cient of the "matrix" (the material that would

remain if component j were removed from the

sample). Kij is a constant which depends upon
the characteristics of the apparatus, the angle of

diffraction, and the structure of component j.

Equation (1 ) can be used as the basis for ciuanti-

tative analysis providing the following conditions

are fulfilled:

1. The sample is a uniform mixture of particles

small enough to make extinction and microabsorp-

tion effects negligible.'*' ^

2. The sample thickness is such that the dif-

fracted X-rays have maximum intensity.

3. The crystallites in the sample are randomly
oriented.

4. Comparison of intensities are made only if

they have been obtained under identical condi-

tions of sample i)orosity and intensity of the in-

cident beam.
Alexander and King discuss the application of

Eq. (1) to analysis in three pos.^ible cases:

Case 1; Mi.vtures of Two or More Components

M;* = Mm*.

For this case, Eq. (1) reduces to
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h,
A'.A^

PilJ-r,

(2)

and direct analysis of the sample may be made by

comparing the intensity of the lines of component,

j, in the sample to the intensity of the lines in pure

component j. If {InY is the intensity of the i

line in the pattern of pure component j, then

= x, (3)

Case 2; Mixtures of 2 Components, nj* 9^ nm*

In these instances the identity of both com-

ponents is known. Although the intensity-con-

centration curve is no longer linear, direct analy-

ses can be made either by referring to calibration

curves prepared from synthetic mixtures of the

two components, or by calculation. To calculate

the amount of component j in a two component

mixture, Eq. (1) can be rewritten in the form

Xini*

Xr(, t2*) + M2*)

(4)

Case 3; Mixtures of Several Components, ij.* 9^ Mm*

If iu,„* is known it is possible to use Eq. (4) by

considering the system to be a two-component

mixture with the matrix as the second component.

Usually \xm* is not known, in which case analysis

is accomplished by means of an internal standard.

In this case Eq. (1 ) may be expressed

:

Ti,
KikX

pji^t

(5)

where ju<* is the mass absorption coefficient of the

sample. The intensity of the k line of another

component, I, in the sample is

hi
KhXi

PlIJLl

(6)

Because lij and hi are measured on the same

sample and ju«* is characteristic of the sample, the

ratio of these intensities is independent of ^t*'-

hj

hi \KkiPi) Xi A i

(7)

Equation (7), first derived for use with the X-

ray diffractometer by Alexander and Klug, had

been used by many investigators using photo-

graphic-photometric techniques as well as the

diffractometer. Its use eliminates errors due to

microabsorption effects, and makes it necessary

to control the intensity of the incident beam only

during the time required to examine a single

sample.

The constant Rki is evaluated by plotting hi /hi
determined for mixtures of known composition of

components j and I as a function of the weight

ratio of component j to component /. A straight

line passing through the origin is obtained.

Component I is the internal standard. Usually

a known amount of the internal standard is added

to the sample before analysis. The substance

chosen for the internal standard should be reason-

ably pure (or at least obtainable with known
purity) with a suitable crystallite size. It should

provide some strong difTraction lines that are free

from superpositions on lines of other cr^'stals in

the sample. Preferably these lines should be near

to those of the component sought in the sample.

The optimum amount to be added is that which

will give a diffraction line intensity about equal

to that of the component sought in the sample.

In some instances there is an advantage in using

one of the components in the sample as the in-

ternal standard by adding a known amount of the

unknown, component j. The sample contains a

second component, /, whose weight fraction is Xi .

Suppose that an amount, ^ of component j is

added to the sample. The weight fraction of com-

ponent j is then

A'; + ^

1 + ^

that of component / is

1 + ^

Eq. (7) then l)econies

h-i

R]/i
Xi + ^

constant (X j + ^). (8)

A plot of h,/hi as a function of ^ will be a straight

line, but the line will not pass through the origin.

The quantity sought is the absolute value of the

^ axis intercept. This procedure is of advantage

when Xj is small, and when only one or two analy-

ses for a particular component is desired.

Multiple Ratio Analysis. Equations (7) and

(8) are valid for all possible combinations of lines

k and I several pairs of lines may, therefore,

be used to obtain several estimates of Xj . The

best estimate of Xj is then a weighted average of

the individual estimates based on all the usable

lines. All the necessary intensity ratios must be

measured before hand when using Eq. (7). Bren-

tano seems to have used this method first. When
using Eq. (8) the necessary intensity ratios are

determined directly from the mixtures, so use of

many lines offers a distinct advantage over use of

a single pair.

It is also possible to analyze a sample for several

components. Black^ describes a method for analyz-

ing bauxite. Copeland and Bragg discuss a general

theory for such analyses.^

Precision of Analysis. The precision of the

analysis depends upon the characteristics of the

X-ray generator and of the sample. The four con-

ditions enumerated above as necessary to make

Eq. (1) valid should be rigorously met. Most of
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these conditions refer to the characteristics of the

sample. Several investigators^- ^^' ^^ have describe

techniques for sample preparation that will meet

these requirements.

When an X-ray diffractometer is used, the char-

acteristics of the X-ray apparatus become impor-

tant. A constant intensity of the incident beam is

essential. Geiger tubes are frequently used as the

detecting device. Because of the "dead" time, the

observed count becomes increasingly in error as

the X-ray intensity rises. Alexander, Kummer and

Klug discuss procedures for correcting this error. ^^

Because of the nature of X-ray emission^^ the

relative error of an intensity measurement can,

in principle, be reduced to any desired level by

waiting for a sufficiently large number of X-rays

to be diffracted. In practice, the relative error of

an X-ray analysis can be made less than 1 per cent

in favorable cases.
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QUANTITATIVE ANALYSIS OF MIXTURES BY A RECORD-

ING POWDER DIFFRACTOMETER

The fundamental principle involved in quanti-

tative analysis of powder mixtures by X-ray dif-

fraction (XRD) is the relation of intensity of the

XRD pattern of anj^ component in the mixture to

that of the same component in the pure state.

This relation has been shown to be directly pro-

portional to weight fraction when the component
and the matrix have identical mass absorption

coefficients; e.g., poh-morphic forms of the same
chemical compound. When the mass absorption

coefficients are not identical (as generally hap-

pens), the intensity of the pattern from the

stronger absorber is enhanced while that from

the weaker absorber is diminished and the

straight-line relation no longer exists.

Three analytical procedures are available to be

used for analysis of mixtures whose mass absorp-

tion coefficients differ significantly.

1. A working curve is experimentally estab-

hshed using synthetically prepared mixtures. This,

however, becomes quite impractical for mixtures

of more than two components.
2. An internal standard is used. Klug and Alex-

ander^ (who give a detailed presentation on this

subject, with an excellent bibliography) have dem-
onstrated that when a constant proportion of

some material is added to a mixture as an internal

standard, the intensity ratio of any given com-
ponent and the internal standard vs. weight frac-

tion is a linear function. This is perhaps the most
reliable of the three methods here discussed, but

is time consuming and rec^uires careful attention to

weighing, mixing, etc.

3. Theoretical intensity-concentration curves are

calculated and used. The eciuation for relating the

relative intensity of a component to its weight

fraction in a binary mixture whose components

have different mass absorption coefficients is given

by Klug and Alexander.^ It can be reduced to

this

:

Ir

XiMi

XiM, X, + 1

where Xi is the weight fraction of component 1,

Ireiative Is the ratlo of intensity of component 1

in mixture over component 1 in the pure state,

and Mi-2 is the ratio of mass absorption coefficients

of component 1 over component 2.

By assigning arbitrary values for Xi from zero

to one, in increments of 0.05, and varying M1-2 be-

tween 0.015 and 60.0 for each value, the corre-

sponding Ireiative cau be Calculated. Figure 1''

-

shows the intensity-concentration curves obtained

from this calculation. Experimental data have

nicely supported these theoretical curves over

their practical range. Of course, when Mi--2 is

greatly removed from unity (the outside curves)

and weight fraction is changing rapidly for a small

change in relative intensity, other errors inherent

to quantitative analysis by XRD techniques can be

greath' exaggerated.

In our laboratory, we have found method 3 an

invaluable aid for anal.ysis of numerous samples

from extremely diverse research projects, which

continually branch out into new areas. Methods 1

and 2 simph' become too laborious and time con-

suming to allow one to keep pace.

In any quantitative XRD procedure, the neces-

sity for careful and reproducible techniques for

specimen preparation cannot be overstressed. This

has been discussed in some detail elsewhere (see

Sample Preparation and Special Techniques) and

will not be elaborated here.

The novice is also urged to adopt a standard

experimental procedure, to be deviated from only

in special instances. If this is done, a method es-

tablished for a given type of sample is applicable

for the same type of analysis months or even years

later. With the standardization of instrumentation

and the occasional rerunning of a standard refer-

ence sample to check all areas of instrument re-

sponse, results (quantitative amounts, crystallite



QUANTITATIVE XRD MIXTURE ANALYSIS 878

•'
"*^/

^

'A

'vs- , t ,

''''".,

/ ///'

/ X

V
y.

^ ^' /

. CJ..out»i C«

RELATIVE INTENSITY

Fig. 1. Curves for relating the intensity of a component in a mixture to its concentration.

Numbers across the family of parabolic curves are mass absorption coefficient ratios.

size, lattice dimensions) can be obtained that are

directly comparable over long periods of time.

A common source of error in quantitative XRD
analysis is failure to take into account the broad-

ening of diffraction hnes that results from reduced

crystallite size. The total intensity of a diffraction

line does not change; thus as a line gets broader

its peak intensity must get less to the extent that

the integrated intensity remains the same. As a

result, quantitative schemes based on the line

maximum less background can only be correct

when the average size of the crystals of both the

component being analyzed for and the reference

standard are sufficient to give a pure diffraction

breadth, or are exactly the same. A rehable

method, which takes into account line-broadening

effects, involves the use of line areas or integrated

intensities.- Assuming a Gaussian curve fine pro-

file, a convenient and rapid way of obtaining a

close approximation of the integrated intensity

is to find the half-maximum of the line, measure

its width in degrees 2B (this is frequently done

routinely in order to determine the crystaUite size

;

cf., CrystaUite Size Determination), then multi-

ply the net intensity by this width at half-maxi-

mum. Experimental data remarkably support the

vaHdity of this computation for crystallite sizes

from about 0.01 to >0.2/x. Indeed, two iron oxide

samples having crystallite sizes of O.OOSSjU. and

0.12/tt gave identical integrated intensities for the

(311) reflection b}^ manual integration and by the

above computation method respectively.

A recording diffractometer is generally recog-

nized as the most rehable instrument for quantita-
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tive analysis per unit time. The procedure detailed

for quantitative analysis by XRD is based on

this type of instrument, but the principles apply

equally well to all types of powder diffraction

equipment. X-ray tube target materials are usu-

ally molybdenum, copper, iron, or chromium,

appropriately filtered to minimize interference

from Kj8 wavelengths. The type of radiation to

use for an analysis is usually apparent from the

sample's description or history. Diffractometer op-

tics for any given radiation are standardized for

the optimum compromise between intensity and
resolution. The general procedure is to make a

fast (2°26'/min.) qualitative scan and identify all

components present (see Diffraction Analysis list,

p. 247). From this, lines suitable for quantitative

measurements for any or all components can be

selected; they should be reasonably strong for

good sensitivity and low detection limits, and must
not be contributed to by lines from other com-
ponents in the sample.

The selected lines are then scanned at a much
slower rate (0.2°26'/min.), for more accurate in-

tensity measurements, over angular regions suffi-

cient to establish the background scattering level

on either side of the lines. A relatively fast re-

corder chart speed (0.4 in./min) is desirable for

accurate measurement of line widths. The inte-

grated intensity is then computed as described

above, using experimentally determined calibra-

tion curves to convert recorder chart readings to

intensity in counts per second. Measurements on
two reference powder samples analyzed frequently

over a period of three years had the following

reproducibility

:

intensity of diffraction ±3%
diffraction angle ±0.01°

width at half-maximum ±0.01°

This was in spite of frequent tube changes and
subsequent reahgnment, infrequent instrument

maintenance, rate-meter reahgnment, recalibra-

tion, etc. Measurements of this reproducibility are

generally adequate for routine analysis.

Accuracy can be increased by multiple scans of

the lines, with remolding of specimen between
scans, to establish average values whose precision

is limited only by the demands of the analysis and
the diffractionist's effort. This, of course, is stand-

ard procedure for reference standards used in the

intensity-concentration curve and standard mix-

tures curve methods above. It is also desirable

with the internal standard method, for which
homogeneity of mixing standard and sample needs

to be demonstrated.

A few examples, illustrating the practical ap-

plication in the chemical industry of some of the

more general types of analysis and giving a ghmpse
of the diversitj'' of application, follow.

Example of Direct Analysis of Polymorphic
Forms. For mixtures in which the mass absorption

coefficients of unknown and matrix are identical,

direct comparison of intensitj' in mixture to in-

tensity of pure component yields amount. For
example, P2O5 was analyzed to determine the

H, O, and 0' forms (low temperature hexagonal,

metastable orthorhombic, and stable orthorhom-
bic, respectively).- The data were needed for re-

action mechanisms studies.

Likewise, TiOo was analyzed to determine the

amounts of anatase and rutile- for purposes of

quality control.

Example of Use of Internal Standard. The
ratio of intensity of component to the intensity

of internal standard, matched against predeter-

mined working curve, provides the concentration

of the unknown. This was apphed in analyzing

NasPsOio ,^'^ to determine the amounts of high (I)

and low (II) temperature forms and the impurities

present. The data were needed in connection with

development of a commercially acceptable prod-

uct, identifying and preventing undesirable side

reactions, and studies of reaction mechanisms.*' ^

Example of Use of Intensity-Concentration

Curves. Ratio of mass absorption coefficient of

unknown to that of the matrix is calculated and
relative intensity of unknown in the mixture is

determined. The weight fraction of the unknown
can then be read from an intensitj'/concentration

curve (Fig. 1). For well-defined ternary mixtures,

each component is analyzed in turn, considering

all others its matrix. The anah^sis starts with a

reasonable estimate from visual comparison to

reference patterns, then proceeds with a series of

approximations (usually three is sufficient) until

true amounts are derived.

This method was applied to anab'^sis of mixed
metals, mixed oxides, and metal-metal oxide com-
binations.'^' ^ Data were required on amounts,

assay, state of combination, crj'stalline modifica-

tions, crystallite size, lattice dimensions, and order-

disorder. The data were needed for complete

characterization of products holding potential

commercial interest.

The method was applied to analj^sis of scales

and corrosion products.^ Of interest were composi-

tion, state of combination, oxidation states, etc.

Such information is pertinent in plant production

and maintenance, because it suggests causes of

scale formation or corrosion and leads to preven-

tive measures.

Example of Use of Standard Mixtures Curve.

Intensity of components in mixture matched
against a working curve prepared from reference

mixtures of the same materials in^ol^'ed provides a

measure of the components.

For example, a silver-silver selenide mixture was

anah'zed to determine the amount of free silver,

and to assay for crystalline /3-Ag-Se.° The data

were needed for correlation of electrical properties

with composition and crystallinity.

Likewise, in a mixture of CuO-alumina,^ this

method was used to determine amount of crys-

talline CuO, polymorphic form of aluminas, crys-

tallite size of crystalline species, and degree of

dispersion. The data were of interest for correla-

tion of composition and physical properties with

catalytic activity.

Other Examples. Examples below indicate vari-
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ous methods of solving nonstandard XRD analy-

ses.

Polyethylene® was analyzed for per cent crys-

tallinity, to enable correlation of crystaUinity with

other physical properties. The technique used is of

interest because it permitted the scattering from

crystalline and amorphous material to be resolved.

This was done by counting particular regions of

the pattern while scanning, then recounting indi-

vidual sections of the same region. With the proper

manipulation of these sections, the total scattering

can be separated into that from crystalline and

that from amorphous material plus background;

the background scattering is predetermined using

completely crystalline paraffin wax in physical form

closely similar to that of the polymer.

Sodium acid metaphosphates'' were analyzed by

XRD to establish the identity and purity of new

compounds and support the preparation of the

phase diagram.

XRD analysis of sodium imidodiphosphate'" is

cited because it involves the conversion of the

sodium salts to the crystalline silver salts for sub-

sequent ciuantitative analysis. In this system, it

was necessary to identify imidodiphosphate, phos-

phoramidate, orthophosphate and pyrophosphate

in a mixture. Unfortunately, the sodium salts

Na.PoOeNH-lOH^O and Na^P^OT-lOHaO are iso-

morphous and give nearly identical XRD patterns.

By converting them as well as the other phos-

phorus compounds to their silver salts (all of

which give different patterns), the problem was

resolved, and a satisfactory quantitative method

developed.

In XRD analysis, detection limits vary accord-

ing to the complexity of a particular system, in-

tensity of the pure components, mass absorption

coefficient ratios, etc. For simple combinations of

compounds of simple structures, detection of as

Httle as 0.5 per cent is sometimes achieved; gen-

erally 1 to 2 per cent is the Hmit.

Precision is also better for some systems than for

others. For a single scan analysis, if carefully con-

trolled by an experienced worker, ± 25 per cent

at the 5 per cent level to ±5 per cent at the 100

per cent level of the value reported is not uncom-

mon.
In volume, analyses of the above types can be

880

handled quite efficiently using a recording dif-

fractometer. Sample preparation and much of the

calculation can be done while the instrument is

collecting data on other samples. As a result, a

single scan analysis by the intensity-concentration

curve method—including quahtative scan and

identification, ciuantitative scan and calculation,

crystallite size determination, and sometimes lat-

tice dimension variations and their interpreta-

tion—can be completed routinely with about

three hours effort.
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RADIAL DISTRIBUTION ANALYSIS OF DIFFRACTOMETER

DATA FOR AMORPHOUS MATERIALS*

Amorphous substances are defined here as

those solids which do not possess the crystallo-

graphic order necessary to produce the usual sharp-

line diffraction pattern. An amorphous substance

should not be interpreted as having complete

atomic disorder since, over the range of 3 to 5

atomic diameters, the atomic arrangement for it

will be almost identical with that for the corre-

sponding crystalline material. However, this short-

range order fades out in less than the distance

required to produce conventional diffraction lines.

This class of amorphous materials is of great im-

portance in catalyst work. In many cases, catalytic

activity is directly associated with the amorphous

state, and activity disappears when the material

is converted to the corresponding crystalline state.

The X-ray pattern for an amorphous material is

usually disappointing to the diffractionist because

it contains such a limited amount of information.

Figure 1 shows two X-ray diffraction patterns

taken under identical conditions on two similar

materials, a highly crystalline 13X molecular sieve

and an amorphous siUca gel. Under these condi-

tions and by conventional methods, no structural

information can be obtained from the silica gel

pattern. However, increased sensitivity reveals

much more detail in the amorphous pattern. This

pattern when treated by radial distribution analy-

sis gives the diagram shown in Fig. 2.

The RD pattern is a plot of the density of atoms

at distance r from the reference atom. Maxima
indicate the most probable interatomic distances

in the sample. In this sample the pattern agrees

well with the SiO^ tetrahedral unit which is present

in most forms of quartz.

Theory. The mathematical treatment developed

by Warren^ may be summarized by the following

equation

:

2r r°°

47rr2pr = 47rr2po + —
/ sis sin srds (1)

Here pr represents the atomic density at distance

r from the reference atom
; po is the over-all aver-

age atomic density for the sample. The quantity

47rr^Pr is the linear density of atoms at distance r

and may be integrated to give the number of

atoms in a spherical shell defined by the limits on

* From Advances in X-Ray Analysis, Vol. 4.

Denver X-Ray Conference; Plenum Press, X. \.;

by permission.

r. The amplitude function is is the normahzed

diffraction intensity, a function of the diffraction

angle expressed as s = (47r sin 0)/X.

For detailed comparison of similar samples, we

prefer to use a different form of the Warren equa-

tion as given by Eq. (2)

:

ripr
\ r . .—^ / sis, sin srds (2)

The distribution function in this form is the direct

result of Fourier inversion of the amplitude func-

tion (diffraction intensity data)

:

f r{pr — po) sin srdr (3)

Since the Fourier integral theorem apphes to

either equation, we can apply Fourier inversion to

the desired distribution function, Eq. (2), to re-

create the amplitude function, Eq. (3). Usually

the distribution function is altered to ehminate or

intensify a particular feature, then submitted to

reverse Fourier inversion. Comparison of the

derived and original amplitude functions shows the

origin of the feature in ciuestion. This procedure

has been particularly useful in eliminating sys-

tematic errors.

The preceding treatment assumes that the

position of the reference atom is equivalent to

every other atom in the sample. This is a reason-

ably good assumption when the sample is an

element, but if the sample contains two or more

kinds of atoms as for Si02 , the problem is more

complex. Strictly speaking, there is a distribution

function for each type of atom, and the experi-

mental data give only the weighted average of all

these functions. Several methods have been pro-

posed in the hterature"' ^ for approximating such a

system. We prefer to treat all such samples as

composed of a hypothetical average atom whose

scattering factor is the weighted average of the

atomic components of the sample.

Experimental. Procedure. Our X-ray diffrac-

tion patterns for RD analysis are recorded on a

modern X-ray diffractometer with counter detec-

tors in much the same manner as routine powder

patterns. The sample is grouml to a fine powder

and packed into a sample holder with a '/s-in.-

deep well. (A thick sample is necessary when

using Mo radiation.) It is possible to do RD work

with a standard ratemeter trace, but scalar-type

operation permits counting a larger number of

pulses giving a smaller statistical counting error.

The stepwise procedure is well-adapted to com-

puter technique in that the output is digitized.^

The sample is step scanned from 2^ = 5 to 76°

by 1° steps for the copper pattern and 15 to 90'

881
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1
r

•THB8I INTIBATOIIIC DIBTAMCES
AMI CALCULATED rO« RCGULAR
SIO4 TETMHEDIIA

n
o .

o «

Fig. 2. Radial distribution function for silica gel.

by V2° steps for the molybdenum pattern. The
sequence of operations, i.e., count, record, clear,

and advance, is programed for automatic operation

on the Philips Count-rate Computer.
Spectrometer vs. Film for Recording X-ray-

Intensities, Previous RD work in the literature

has been done on film using a densitometer to

measure intensity. We believe the diffractometer

is better suited for this work for the following

reasons.

1. Linear Detector Response. Since film is basi-

cally nonlinear in its response to X-rays, calibra-

tion of the film is a real experimental problem. For
the diffractometer, if the detector operates through

a ratemeter, the ratemeter response should be

linear; if logarithmic, it should be converted to a

linear scale. The scaler response is probably our

best linear detector of X-ray intensity.

2. Energy selective detector. Photographic film

is nonselective in its response to X-rays of different

wavelengths. Thus the white background causes

difficulties in precise intensity measurements. A
crystal monochromator is usually included in the

film procedure but only with a severe loss in

intensity, We have found the scintillation detector

plus pulse-height discriminator with a simple K
filter to be a satisfactory monochromator for this

work.

3. Correction for Sample Absorption. For film

work, the sample is usually a cylinder or a thin

disk; the X-ray pattern recorded is that trans-

mitted through the sample. For either sample

shape, the absorption correction is a complex
function of the angle (6) and further requires

accurate location of the sample in the X-raj^ beam.
For the diffractometer, the absorption correction is

independent of the diffraction angle and need not

be considered in the calculations.

4. Digital Response. It is feasible to punch
IBM cards directly from the scaler signal, although

we have not carried automation this far.

Calculations. Our treatment follows the War-
ren method as given by Klug and Alexander.* The
entire calculation from raw X-ray data to finished

point-by-point tabulation of the distribution func-

tion has been programed for the IBM 650 com-
puter. Total computer time is about 1 hr per sam-

ple. Our programs are not as efficient in use of

computer time as they might be since they were

written primarily as research tools.
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Results. The RD pattern by itself seldom means

very much; it becomes useful when compared to

another pattern. The comparison pattern may be

:

1. A known structure for a similar class of ma-

terials.

2. An assumed structure to be verified.

3. An experimental pattern for a similar mate-

rial possibly unexplained in terms of atomic posi-

tions.

Comparison to a Known Structure-j]-Alumina.

Figure 3 shows the RD result on a sample of

anhydrous 77-alumina. The vertical lines indicate

the position and magnitude of the maxima pre-

dicted from the spinel structure which is generally

accepted for this material. Actually Tj-alumina is

not a true amorphous material in that it gives

a recognizable X-ray diffraction pattern. However,

the lines are very broad and generally poorly de-

fined. Thus it fits conveniently into the RD pro-

cedure. The excellent agreement with the accepted

structure supports our confidence in the RD
method.
Comparison to an Assumed Structure. The RD

pattern for siHca gel, Fig. 2, is an example of

comparison to an assumed structure. The agree-

ment is not perfect but good enough to demon-
strate a close correlation to the SiOi tetrahedral

structural units.

Comparison to an Experimental Pattern. Fig-

ure 4 shows the RD patterns for two silica-alumina

cracking catalyst samples, one fresh and the other

verricAL lines predicted
FRON SPINEL STRUCTURE

1 r

Fig. 3. Radial distribution function for 77-alumina.

Fig. 4. SiHca-alumina cracking catalysts.

after steam treating. Here there is no direct cor-

relation with a particular structure; rather it is

important to spot differences between the samples.

For this purpose, the distribution function is de-

fined according to Eq. (2) without the parabohc

term. Since the parabolic term is nearly identical

for similar samples, it contributes nothing to

spotting differences and actually tends to over-

shadow finer detail for high values of r. In order

to isolate the difference between two samples, we

subtract one distribution function from the other.

The resulting difference function for steaming a

sihca-alumina catalyst is shown in Fig. 4. This

pattern indicates structural changes as a result

of the steam treatment particularly at distances

of 1.6 and 3.2A.

Rectification of Systematic Errors. We are re-

luctant to assign any structural significance to the

RD pattern below l.oA. Since this distance is less

than the atomic diameters involved, it is unrea-

.sonable to attribute it to interatomic distances.

Application of the reverse Fourier technique has

enabled us to identify two specific sources of error

in this region.

1. Improper Normahzation of the Amplitude

Function. The integrated area for the amphtude

function,

/ sis ds.

should be zero. If integration of the experimental

function is strongly positive, a maximum will be

observed in the distribution function at about 0.3A

;

if integrated area is negative, a minimum at 0.3A

should be expected.

2. Improper Match Between Cu and -Mo Pat-

terns. This type of error produces spurious detail at

about 0.8A. The effect may be either a maximum
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or a minimum depending on which pattern is

overamphfied. A mismatch can occur even when
total intensities agree if the background intensity

correction is not appropriate.

Conclusions. Good RD patterns have been ob-

tained using the X-ray spectrometer and standard

powder diffraction methods. Both experimental

and calculation problems are simplified b}^ this

approach.

The entire problem from raw X-raj' data to fin-

ished distribution function has been programed

for the IBM 650 computer. The reduced calcula-

tion time makes it feasible to do RD analysis on

large numbers of samples.

The difference function is our most sensitive

method for detecting small changes in structure.

Reverse Fourier treatment has been useful in

tracing systematic errors. Two samples of such

error below lA have been positively identified.
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RADIATION CHEMISTRY OF GASES, LIQUIDS AND SOLIDS:

THE ELEMENTARY PROCESSES

In reaction kinetics generally, an elementary
process may be regarded as a detail of an over-all

process. For example, in the mercury-photosensi-
tized decomposition of hydrogen, the over-all

process written as

Hg + H,
2537A

Hg + 2H

indicates that, in the presence of Hg a hydrogen
molecule is decomposed into two hydrogen atoms
by light of 2537A wavelength. In this over-all

process the first elementary process is recognized

to be

Hg(6%) + hu -> Hgne^Pi)

and the excited mercury thereafter reacts with H2
(in an elementary process) to form an intermedi-

ate complex which decomposes and yields H
atoms by more than one path (and perhaps even
more elementary processes). Each of the ele-

mentary processes involved can be thought to be

established and well-understood when the states

of the reactants and the products have been de-

termined and the kinetics established. When the

details of each of the elementary processes can be

synthesized, mathematicallj^, into the totality of

the over-all process, the latter can be said to be

well-understood.

A feature of radiation chemistry is the fact

that many of the elementary processes involved

are peculiar to that field.

Energy Deposition. Energy must actually be

deposited in a s^'stem before any radiation-chem-

ical process can ensue. The two fundamental waj^s

in w^iich high-energy radiation deposits energy

in matter are by excitation and by momentum
transfer (as from fast neutrons). The latter is

generally' called a Wigner effect; in elementary

solids, such as graphite, it ma\' result in crystal

derangement or "discomposition." It is the habit

of solid-state physicists to classify such phenom-
ena under the more encompassing title of "radia-

tion damage." Discussion of the Wigner effect

is excluded from this treatment.

Dependent on its energ}', when a gamma ray

or X-ray interacts with matter it produces either

a photoclcctron, a Compton recoil electron or

an electron pair (positron + negatron).* Absorp-

tion coefficients determine to w^hat extent in any
particular volume of matter such primarj^ phj-sical

processes take place. The laws of energy dissipa-

tion of X-rays and gamma rays are discussed else-

where in this volume. It is sufficient to saj^ that,

on the microscopic scale, these primar}^ effects are

uniformly distributed. As nearly as can be deter-

mined the energ}^ dissipation (energy attenuation

of the beam) per unit of mass in a particular spe-

cies is independent of the state of aggregation.

Each primary process may involve a chemical

process. The contribution from such a primary

chemical process is numericallj^ unimportant. On
the other hand, an electron ejected in a primary
physical process makes many thousands of colli-

sions and excites and ionizes many thousands of

molecules before it is ultimately trapped. Thus, for

the purposes of understanding the chemical effects

of gamma and X-raj^s, it is enough to understand

the consequences of passage of an energetic elec-

tron (e.g., of the order of 30 to 1000 kev) through

matter.

The other principal depositors of energy in a

chemical system in radiation chemistry are alpha

particles (He"""" ions resultant from radioactivity),

beta rays (electrons resultant from radioactivity),

and energetic ions or electrons produced in some
type of electrical accelerator. Thus, it is apparent

that in radiation chemistry nearly all the energy

directly responsible for chemical effects is de-

posited by interaction of a charged particle with

matter.

Effects of Charged Particles. Knowledge of

many of the primary effects of energetic charged

particles on matter is gained from mass-spec-

trometer studies, from ion-chamber, cloud-chamber

* Photonuclear reactions should also be included
but the3^ are not important for radiation chemistry.
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and ion-mobility work, from studies of charged-
particle scattering, from spectrometry and from
theory. Most of the experimental work of conse-
quence for such primary processes is on gases but
the scattering experiments are beginning to reveal
some of the details of energy deposition in con-
densed systems and the spectrometry of condensed
systems, particularly glasses, has proven especially

informative. For the most part, however, detailed
statements regarding deposition of energy in con-
densed systems are really hypotheses based on
extrapolation from a httle knowledge of attenuated
systems.

It is a fact of radiation chemistry that most of
the detailed studies of chemical effects have been
on hquids. On the other hand, the direct physical
evidence has been obtained, for the most part, in

studies of gases. In consequence, detailed discus-
sions of elementary chemical processes in either
hquids or gases are frequently hypothetical and
highly speculative. Only in a very few cases is such
discussion backed up by theory and pertinent
experiments.

Consider, as an example, a highly energetic
electron. At energies of the order of a million
volts, this electron penetrates a distance of about
0.5 cm in water. As the electron approaches the
end of its path, it may be scattered and may move
in an irregular path characteristic of all low-energy
electrons. During its entire free existence the
electron interacts with the molecules it passes and
transfers energy to them in amount determined by
the various possible transitions and transition
probabilities, as well as the energy of the electron
and the distances of the molecules from the electron
path. In such a process the molecule involved may
be excited or ionized with production of a second-
ary electron of lower energy (usually 1000 ev or
less), which itself produces effects characteristic
of low-energy electrons.

Because the electron energy-dissipation proc-
esses yield excited molecules as well as normal and
excited ions plus electrons (i.e., ion pairs), the
energy expenditure per ion pair produced, W, is

much greater than that corresponding to the ioni-
zation potential, /, of the molecular species in-
volved. The quantity W has been determined
for a large number of gaseous substances by ioniza-
tion-chamber experiments. It is usually in the
range 25 to 32 ev, contrasted with /, which may be
8 to 15 ev. It is assumed generally, without proof,
that the energy difference TF — / is consumed in

production of lower excited states. It is also fre-

quently assumed that the assumed distribution of
ions and excited species in gases, computed on the
basis of the experiments by which W is established,
is also the distribution of ions and excited species
in a condensed system. The latter assumption in-

volves the presupposition of a clear understanding
of the nature of species called ions and excited
states in condensed s.ystems.

Similar remarks may be made about sucli other
charged species as alpha particles and protons.
However, in general, the more massive particles
deliver their energy over a shorter path. Thus,

while one may think of energy deposition from a
million-volt electron as an infrequent process in-

volving perhaps one molecule in several thousand
through, or near, which the electron passes, the
distance between successive ionizations or excita-

tions by an alpha particle or proton of similar
energy may be only one or two or a very few
molecules.* The kinetics of mteraction of the
resultant chemical intermediates may thus be
greatly modified by the nature of the prmianly
incident charged particle, m condensed systems
particularly.

Ions and Excited Species in Gases. Mass spec-
trometry of very dilute gases (ca. 10"'^ mm Hg
pressure) shows that even in a single species of
relatively simple molecules several ions are pro-
duced. The mechanism of such production of a
number of different ions is assumed to involve
primary excitation to a number of energy levels

with decomposition of excited ions to smaller ions,

atoms, radicals and molecules. The time an ion
must survive before it can be detected in mass
spectrometry is ca. 10"^ sec (a microsecond). Thus,
certain ions persist longer than that time while
others, which are the progenitors of those observed,
survive for much shorter times, which may be as

low as 10""^^ sec.

A very interesting point about mass spectrome-
try is that electrons of about 70 ev energy produce
approximately the same type of mass-spectrome-
ter pattern as those of 1000 ev energy. Thus, it

may be concluded that the distribution of energy
deposition in the two cases is approximately the
same. Observations that doubly and even triply

charged ions are produced by bombardment witli

70 ev electrons raise the question as to the typical
amount of energy deposited per single interaction.

However, the mass-spectrometer pattern produced
by a 30 ev electron is not significantly different

from that produced by a 70 ev electron. A 30 ev
electron cannot produce triply charged ions; the
energy is insufficient. Thus, it must be concluded
that, when the energy carried by the incident
electron is large, the probabihty of deposition of a

large amount of energy per initial act is real but
that the relative number of such processes is not
imxportant for radiation chemistry. The typical
ionization process in gases is

.1/ -1/- + (l)t

accompanied by .such other processes as

M > A- + B -\- e (2)

.1/ Rr + Jl, + e (3)

* Another way to make tliis statement is that
— dE d.v, the energy loss to the S3-stem per unit
of path (frequently called LET or linear energy
transfer) may vary from small values for fast
particles to very large values for relativeh' slow
l^articles.

"^ The sj'mbol^^^-^ can be read "acted upon by
high-energy radiation gives.'* In this case, the
high-energy radiation is an energetic electron.
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where A and B are various molecules and the R's

are various free radicals. These reactions may be

accompanied or followed by

M^

M"

A' -^ B

El* + R:

etc.

(4)

(5)

Improved methods of mass spectrometry make

possible the observation of details of subsequent

ion reactions with other molecules and also the re-

actions of negative ions. Charge transfer, charge

transfer-induced dissociation, radical or atom or

ionic abstraction, attachment, ionization, and nu-

merous other processes have all been observed. Al-

though formation of excited molecules in these

cases has been reasonably hypothecated, direct

observations are rare. It is to be emphasized that

the mass spectrometry of gases indicates that ulti-

mate-product formation can occur in a single ele-

mentary process such as reaction 2 (i.e., the primary

ionization act) or reaction 4 and that the formation

of intermediate free radicals may occur in similar

processes such as 3 or 5. The free radicals may then

enter into subsequent elementaiy processes char-

acteristic of free radicals and common to other

branches of reaction kinetics.

Consideration of ionic reactions m gases is not

intended to minimize or neglect the role of excited

species. The latter are known to be formed directly

or by ion neutraUzation. Excited species may

decompose by a variety of processes. Also, excited

species may react with other molecules (cf., ex-

cited Hg mentioned at the beginning of this arti-

cle) in a variety of ways including excitation

transfer (as in sensitized luminescence). Further,

there is an important possibility that molecules in

lower excited states (e.g., triplet states), insuffi-

ciently energetic to decompose or to react with

other molecules, may nevertheless react with each

other. Such a reaction is much more probable m
condensed systems, where the excited species may

be formed verv close to each other.

Gases at High Pressure. The nature of ele-

mentary processes in condensed systems is com-

pUcated by difficulties of observation in such

cases. It is tempting to assume that parallels of

the processes occurring in gases occur also m
liquids.

Experiments on the radiation chemistry of

gases from low pressure up to critical pressures

indicate that the radiation chemistry of gases

approaches that of liquids at V2 to Vs the critical

density. This result indicates that both the ion

neutraUzation process (which yields highly ex-

cited molecules) and those normal excitation proc-

esses adequate to produce decomposition in the

gas do not lead to decomposition when molecule

clustering occurs around ions or excited molecules.

The suggestion is that an amount of energy nor-

mally adequate for decomposition of a single

molecule is dissipated over the cluster without

bond rupture or other chemical effect.

Liquids. For the case of Uquids, it is best to

accept the fact that energy is deposited from the
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high-energv radiation without attempting to un-

derstand in detail the mechanism of deposition^

Thereafter, the energy is locahzed by processes of

excitation transfer, ionization transfer, or internal

conversion. For the higher-energy region of X-

and gamma rays, one might expect a distribution

of energv in a mixture roughly related to the

electron ^fraction* of each component. However,

studies of a number of binary mixtures now in-

dicate that the component of lower ionization

potential receives more energy than would be

predicted on the basis of electron fraction The

site of the locahzation may involve a single bond,

a molecule or a group of molecules. If the energy

so locahzed is sufficient, decomposition or some

other chemical reaction occurs.

In certain cases, if the site of excitation (or

ionization) localization is resistant to chemical

change (i.e., if the amount of energy locahzed is

insufficient to cause bond breakage or other reac-

tion), the species in which the locahzation occurs

mav 'serve to protect any other species present

against the effect of radiation without being itself

decomposed or otherwise permanently affected. In

certain cases, this protection is evidenced in lu-

minescence phenomena. Sometimes, apparently

nothing happens. In other cases, protection may be

evidenced by preferential decomposition of the

second species (an example of "sacrificial protec-

tion"). In general the over-all effect is protection

of the first species.

The structure of the liquid must also be taken

into account. An increasing body of evidence

indicates that Uquid molecules of a particular

species (e.g., cyclohexane, benzene) may be ag-

gregated in domains which thus modify the re-

sultant chemical reactions and the probability of

interaction between two molecules of precisely the

same species. In such a case, the probability of

interaction between molecules of the same species

in a mixture of substances far exceeds that which

might be expected on the basis of concentration

of the particular species.

In liquids manv of the over-all processes are

diffusion-controlled. Production of ions in gases

is established from mass spectrometric data. On

the other hand, according to the Magee-Samuel

model of the radiation chemistry of hquids, an

electron "liberated" by absorption of high-energy

radiation may be thermahzed while still within

the range of influence of its sibling positive hole,

so that ionization, in the sense indicated for gases,

does not really occur at all. In this picture it is

not a matter of recapture of an electron by an

ion; the ion is never really formed at all. The

opposed point of view (Platzman-Frohch) is that

the electron does actually escape and is captured

by the Hquid as a whole as a result of polarization

of the surrounding molecules. According to both

theories, if electron traps (i.e., negative-ion form-

ers) are present in sufficient concentration, the

electron can be captured to yield a negative ion

*The electron fraction of a component is the

number of electrons in that component divided

by the total number of electrons m the system.
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but, according to the Magee-Samuel theory, such a
process would occur only in the intimate neighbor-
hood of the positive hole. An increasing body of
evidence supports that view.
When water is irradiated the charge separation

process may be such as to produce sibhng positive
and negative charges at a considerable distance
from each other. This charge separation may yield
an OH- ion and an attendant H atom (as welf as a
hydrogen ion and a hydroxyl radical somewhat
removed therefrom). In addition, there is the
contrasting possibihty that the negative charge
polarizes the water around it and is trapped as a
solvated electron some distance from its sibling
hydroxyl radical;* i.e.,

RADIATION CHEMISTRY PROCESSES

aq H+aq + OH + aq

The hydroxyl radicals can yield HO2 and H2O2 in
water i.e.,

2 OH ^ HO2 + H

2 OH ^ H2O2

Thus, there are at least three types of oxidizing
species and two types of reducing species present
in the radiation chemistry of water. Each of these
species enters into distinctive elementary processes
which contribute to the over-all processes which
are actually observed.

Solids. SoHd systems may be divided into a
number of categories dependent on the point of
the view and the meaning of the term soHd. Thus,
from one aspect, glasses and polymers are in-
cluded; another view is that only conventional
crystal systems are properly called solid and these
can include only ionic and molecular crystals.
From an operational viewpoint the latter defini-
tion is vague but it must be so to correspond to
any real situation; all crystalline systems contain
impurities, dislocations and vacancies of various
types so that local departures from characteristic
symmetry are the rule not the exception. The
unvarying repetition of pure crystallinity is non-
existent. On the other hand, a sohd polymer is not
purely amorphous; local regions of crystallinity
are always present and some polymers are very
crystalline. Glasses probably approach most closely
to liquid in structure but have the virtue, from
an experimental view, that processes dependent
on diffusion of larger species do not occur.
About the only species which diffuse readily in

solids are electrons, the H atom and the Ho mole-
cule. Consequently, although H-atom production
has_ been repeatedly invoked to understand the
radiation chemistry of water, it was not seen in
pure ice (by electron spin resonance technique)
until the temperature was reduced to about 4° K.
At higher temperatures the H atoms find each

* It has been shown that in neutral water the
reducing species bears a unit negative charge and
is probably a solvated electron. Relative abun-
dances of e~. aq and free H are stronglv pH de-
pendent.

other with the resultant elementary3' process

2H Ho

The M over the arrow indicates that a third body
(molecule in this case) is essential to the combina-
tion; otherwise the vibrationally energetic H2
molecule would decompose. Three-body collisions
are a regular feature of condensed systems but
are comparatively infrequent in dilute gases.

Relatively free diffusion of Ho molecules in poly-
mer systems results in an interesting sequence of
reactions which may be illustrated for polvethylene
structures by

H H H H H H
I I I I

i I

C-C-C-C--.C-C... --.
I I I I IIH H H H H H

H H H H H
I I I I

I
I

c-c-c-c-.c-c:;...

H H H H H H
+ H

i.e., H H

which vields

R- -C—

C

R -C—C'

I I

H H

+ H

+ Ho

which, in turn, yields

H

RH •C—C--
i

I

H H
+ H

The result is that the free movement of the H
atom combined with its ability to extract another
H atom from a place on the polymer chain and
the ability of a radical to extract H from Ho (both
processes having small activation energy in the
neighborhood of 10 kcal) result in difYusion of free
radical structure in the polymer and eventually
in the elimination of free radicals by reactions
such as

R •R-R

Ionic crystalHne systems require quite another
treatment. An initial process of great importance
is electron and positive hole trapping at crystal
imperfections. The subject can be discussed effec-

tively only in connection with a thorough presenta-
tion of solid-state physics.
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A note on method of reporting yields (the G

value): . ,.

The treatment of elementary processes indi-

cates the great variety of such processes m radia-

tion chemistry. In order to avoid the implication

of mechanism in report of yield, a term G defined

as number oj molecules converted or produced per

100 ev energy absorbed by the system is used. G

is frequently called the 100 ev yield. For example,

for cyclohexane irradiation by Co''" gamma rays,

G(HO meaning the 100 ev yield of hydrogen

molecules, is 5.8; in the ferrous sulfate dosimeter,

GCFe"""- -^ Fe^^"") is usually taken as 15.6. In am-

monia near 137° and at density 0.2 g cc-\ G(—

NH3), meaning the 100 ev yield of ammonia de-

composed, is 1.4. The term G was invented at the

Metallurgical Laboratory durmg the years ot

World War II. It is not an abbreviation, itie

letter was selected (at a time when code sym-

boUsm was uniformly used on the secret project)

because it had not been pre-empted for other

purposes. ,

An older term, M/N, meaning number of mole-

cules produced per ion pair, is now infrequently

used because of its suggestion of mechanism.
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RADIATION CHEMISTRY (RADIOCHEMISTRY, RADIOLYSIS).

See Amino Acids and Proteins; Ammonium Perchlorate;

Chloroform; Deoxyribonucleic Acid Metabolism; En-

zymes; Food Preservation; Lipids and Lipoprotems;

Maize Seeds; Organic Compounds; Plastics and Poly-

mers; Polymerization of Carbohydrates; Protectants,

Chemical; Purine Nucleosides; Radiolysis of Poly(Potas-

sium Acrylate); Reactions of CO: with Organic Com-

pounds; Water and Aqueous Solutions.

RADIATION EFFECTS ON THE INSECT OVARY

The insect ovary has supphed some of the most

significant evidence that the pattern of radiosensi-

tivity varies with the cytological state. An orderly

dispensing of the contents of a group of tubular

structures provides a situation uniquely suitable

for such studies. Species differ in the number ot

ovarioles, their abihty to store mature oocytes, and

in the degree of ovarian development at eclosion.

Differences in details of the response to radiation

are expected when the studies of diverse types ot

insect pests now in progress are completed.

The insects most used in the past for irradiation

experiments, flies and wasps, have tubes of the

polvtrophic type in which a group of nurse cells

accompanies each oocyte in its progress down the

ovariole. Typically, a threshold is demonstrable

above which lifetime egg production decreases with

increasing radiation dose. In contrast to the situa-

tion m mammals, this threshold requires the de-

livery of thousands rather than hundreds of roent-

A period of temporary infecundity reflects the

sensitivity of cells in transition from oogonia to the

differentiated state. These, destined to give rise

to eggs laid some time after the exposure, are m
mitosis at the time of the exposure. Doses high

enough to cause destruction of interphase oogonia

result m permanent infecundity ; an acute dose ot

5 000 r appears to be enough to do this for most

h'olometabolous insects. Much higher doses are

required to interfere with the deposit of eggs

derived from differentiated oocytes. Then it be-

comes a question of whether the massive doses

influence the germ line or whether they damage

interrelated somatic tissue such as nerve gangha.
_

If irradiation is spread out in time by chronic

exposure or fractional delivery, restorative proc-

esses have time to operate, and more radiation is

tolerated so far as egg production is considered

Tolerance is reduced by temperatures low enough

to interfere with enzyme activity, or by the ad-

ministration of antimetabolites and enzyme poi-

sons The relative importance of protein and nu-

cleic acid synthesis has not yet been clarified, but

nuclear events are involved.

The mere deposit of an egg is no assurance that

it can give rise to a live offspring. Dominant and

recessive mutations may be induced which inter-

fere with embryonic or subsequent development.

Fertility determinations in the strict sense of de-

velopmental failure have been pursued especially

by investigators using braconid wasps. Irradiation

of Habrobracon oocytes and the subsequent scor-
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ing of hatchability of the eggs derived therefrom

provided the first clear evidence that metaphase

can be a radiosensitive stage and steps in prophase

can be radioresistant. Detailed cytological studies

by A. R. Whiting confirmed a suspicion that the

radiosensitivity of first meiotic metaphase was due

to permanence of chromosomal breaks. Subse-

ciuently, evidence of participation of breakage and
rejoining of oocyte chromosomes in the origin of

Drosophila dominant lethals has been provided by
the increased yield from postirradiation centrifuga-

tion. Additional modifying agents have been dem-
onstrated in Habrobracon, the chelating agent ver-

sene and oxygen replacement being among the

most notable.
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RADIOACTIVATION ANALYSIS. See Neutron Activation

Analysis.

RADIOACTIVE MATERIALS, ANALYSIS BY X-RAY FLUO-

RESCENCE SPECTROMETRY*

The biological and radiological hazards of ra-

dioactive materials necessitate special handling

procedures. Because of the health hazard, sample
preparation and containment are critical. Sample
holders are designed to be disposable. Shielding is

used to reduce radiation levels for operating per-

sonnel and to reduce background effects. Electronic

discrimination is used to provide maximum peak
to background ratios in the presence of a high

radiation field.

Sample Preparations. Liquids. Aqueous and
organic samples are prepared for analysis in open-
face, fume type hoods with a minimum air flow of

150 lineal fpm to prevent escape of radioactive

material. High level alpha active samples are

handled by using surgeons' gloves for hand protec-

tion. Sample aliquots are taken using micropipettes

and large dilutions are made to reduce the hazard.

With samples containing the more penetrating

types of radiation such as beta and gamma rays,

shielded pipettes and syringes are used. For sam-
ples that would cause a personnel exposure in ex-

cess of the nationally established limits, a shield

of lead is used for personnel protection and all

work is performed using remote manipulators.
Liquid samples containing biologically hazardous

* Work performed under Contract No. AT(45-
1)-1350 between the Atomic Energy Commission
and General Electric Company

materials such as strontium-90 are handled in

closed hood systems.

Liquid samples are pipetted into sample holders

for direct analysis. Figure 1 shows some typical

disposable sample holders and liquid sample anal-

ysis methods.
A shallow cup is used for liquid samples contain-

ing large amounts of material to be analyzed. The
sample is pipetted into the holder, a piece of

0.0025-in. thick "Mylar" plastic is laid over the

top and a plastic ring is slipped over the top, seal-

ing the holder. For double protection, the sample
holder is slipped into a second piece of plastic to

form a secondary containment holder as shown in

Fig. 2. A large cup is used for samples of low con-

centration.

For small samples or small aliquots of highly

radioactive solutions, the sample is pipetted onto a

filter paper disk, placed in a shallow stainless steel

dish, covered with a 0.0025-in. thick Mylar bag and
analyzed. (See Fig. 1).

Ion exchange membranes may be used where a

concentration is to be effected. The membrane is

placed in a container with the sample and the

solution is agitated for 10 to 16 hours, after which
the membrane is removed, dried and placed in

0.0025-in. thick Mylar bag and analyzed directly

for constituents. (See Fig. 1). In similar manner,
ion-exchange resin may be agitated with the sample

and then placed in sample cups, covered with

Mylar and analyzed directly.

Thin window glass cells have been successfully

used for actinide analysis.

Dry Samples, Sludges and Metal Specimens.

Dry samples, powdered samples, and sludges are

normally handled in gloved boxes provided with

dry air or an inert gas atmosphere. Samples con-

taining significant levels of beta and gamma radia-

tion are handled in gloved boxes using leaded rub-

ber gauntlet gloves to reduce hand exposure. All

grinding, mixing and other preparative manipula-

tions are performed using equipment contained in

the gloved box.

Powdered samples may be analyzed by thor-

oughly grinding and mixing with an inert binding

agent such as talc, lithium carbonate, or solid form
household detergent. The diluted sample is then

compacted into holders, using compacting tools as

shown in Fig. 3 or by use of a pellet press. The
sample is brought out of the gloved box through

an air lock into a piece of 0.0025-in. thick ]\Iylar

plastic and analyzed directl^^

Drj^ samples and sludges may be mixed with a

coprecipitated moist Al(OH)3-Mg(OH)2 paste and

put into plastic sample holders covered with Mylar
and analyzed directly.

Metal or alloy samples are embedded in epoxy

resin and the metallic surface is polished using fine

emery paper. The samples are wrapped in Mylar,

placed in a second Mylar covering for extra pro-

tection, and analyzed.

Background Effects. The presence of highly

penetrating forms of radiation such as beta and

gamma rays may contribute effects to the back-

ground of the sample analysis. The effects may be



Fig. 1. Sample holder for liquid sample;
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Fig. 2. Containment system for liquid samples.

Fig. 3. Holders for powdered samples.
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reduced by simple dilution of the sample to reduce

the radioactivity level or by the use of shielding

and electronic discrimination.

Large dilutions of active samples may reduce

the radioactivity level to a biologically safe level

and to a level which does not cause instrument

background effects. If the element of interest is

present in trace amounts, dilution is unsuitable

since the concentration may be reduced to a level

outside the range of detectabihty.

Instrument background effects may be reduced

by two other methods ; namely, shielding and elec-

tronic. At low Bragg angles, the detector is at the

maximum distance from the source. However, as

the Bragg angle increases, the detector moves

closer to the sample, causing an increase in back-

ground. The effect may be reduced by placing a

2-in. lead brick in such a position so as to shield

the detector from the sample activity. Replace-

ment of the sample holder, sample housing, and

detector housing with units fabricated from lead

(density of 11.4 g/cc) or Kennametal W-10 tung-

sten alloy (density of 17.0 g/cc) can be used to re-

duce the level to acceptable limits.

Pulse-height discrimination is effectively used to

reduce the radioactivity effects. This is possible

because pulse-height analysis allows measurements

of the X-ray intensities to be made in discrete

energy bands, thereby ehminating unwanted radia-

tions such as background. Optimum peak to back-

ground signal ratio is obtained by adjusting de-

tector voltage and discriminator band width for

each peak analyzed. A detector with a high effi-

ciency for X-rays and low eJOGiciency for gamma rays

and high energy beta radiation may be used for

additional background reduction.

Combined shielding, pulse-height discrimination

and detector selection may be used to reduce back-

ground effects by 90 to 99 per cent.
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Within a year after the announcement of the

discovery of X-rays by Roentgen in 1895, papers

began to appear describing injurious effects of X-
irradiation on plants. The discovery of natural

radioactivity by Becquerel in 1896 gave further

impetus to investigations concerning the biological

effects of ionizing radiations, and it is interesting

to note that a book of 278 pages pertaining to the

effects of ionizing radiation on plants was pub-
lished by Gager*^^ as early as 1908.

Radiation may be considered as the movement
of energy through space, in either corpuscular or

electromagnetic form. Corpuscular radiation con-

sists of streams of atomic or subatomic particles

that can transfer their kinetic energy to any matter
with which they collide. The particles may be

negatively charged, such as the electrons in beta

rays; positively charged, as the helium nuclei of

alpha rays; or electrically neutral, as the neutrons.

The energy of these particles is largely determined

by their velocities. Interaction with matter depends
primarily upon the atomic structure of the matter.

Electromagnetic radiation may be thought of as

a self-propagating stream of photons that possess

zero rest mass and no charge. These photons have
the velocity of light. In motion electromagnetic

radiation behaves like a series of waves with both
electrical and magnetic components. Radio waves,

visible Hght, X- and gamma rays are fundamentally

similar classes of electromagnetic radiation that

are separated on the basis of their respectively in-

creasing vibration frequencies.

The absorption of a photon of high-energ}^ radi-

ation causes an ionization or separation of electron

charge. Ionizing radiation is simply that portion

of the spectrum of electromagnetic radiation whose
photon energy is high enough so that separation

of charge results from absorption of a photon with

ejection of an electron.

The absorption of ionizing radiation, then, ini-

tially causes excitation and the production of free

radicals.^' Free radicals contain an odd number of

orbital electrons and are very reactive.

Since protoplasm is structural!}' a colloidal sus-

pension that is roughly three-fourths water, it is

usually assumed that a major part of the energy
transferred to a biological system occurs via its

water.^" It is also considered that the biological

effects of ionizing radiation are mediated, in part,

by the activated water.

The free radicals produced in this biological

system may alter many biological compounds (e.g.,

enzymes, nucleic acids, auxin and other metab-
olites), bi vitro a free radical has a probability
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near unity of inactivating a DNA molecule .^^ It is

reported that about 10'' free radicals are produced

per mg dry weight of wheat germ by exposure to 1

kr of gamma rays."

Schober^^ was one of the earhest investigators

who studied the effects of X-rays on plants. Using

oat seedlings germinated in darkness, he deter-

mined whether X-rays differed from daylight in

phototrophic response. His results showed that X-

rays were not identical with light rays.

In the following years many investigators pub-

lished papers on the stimulation of plants by X-

irradiation applied to plant parts or to seeds.'^'
"

63, 64, 75 However, others'"' '"' ^'' ^ reported inhibition

of growth or even death by exposure to radiation.

These experiments and many others summarized

by Breslavets' show that plant characteristics (e.g.,

development of shoots, roots and leaves; size of

seeds and fruits; yield; bushiness; and over-all

growth and development) are greatly modified by

radiation.

Visible changes have been used primarily for de-

tectmg radiation sensitivity in plants. These visible

changes are, nevertheless, terminal manifestations

of microevents.

The sequence of phenomena that is visualized

by some scientists to occur when an organism is

exposed to high-energy radiation is shown in the

following scheme

:

Radiation , Biochemical Physiological

i i i / ,
and_ -^

I

Molecular ^ Biophysical
or \ t

Submolecular \ Genetic Morphological

Initially there is a change at the submolecular

level of organization which, if not reversed within

a relatively short time, may alter physicochemical

patterns either directly, or via modification in

genetic structure or relationship. These alterations,

in turn, give rise to physiological changes running

a gamut from minor in form to death.

Although this review is primarily concerned with

the effects of ionizing radiation on plants, informa-

tion on both plants and animals will be cited.

Morphological Changes. Modifications in the

growth and development of roots, stems, leaves

and flowers in higher plants have been induced by

doses of X-, and gamma-rays, and thermal neu-

trons, or by chronic exposure to gamma rays. The

response of a particular plant or plant part to radi-

ation may be death, growth inhibition, morpho-

genetic abnormahties, or cellular prohferation de-

pending upon the species or variety used and its

age, physiological condition and radiosensitivity.

Abnormal changes in plant morphology as a re-

sult of irradiation have been noted from the very

early work. These morphogenetic responses are

presumably the penotypic expression of genetic,

cytologicai and physiological factors altered by

radiation.

One effect of ionizing radiation is on the role of

meristems in growth which are for continual pro-

duction of new cells by mitosis; these cells sub-

sequently elongate, differentiate and mature, pro-

892

ducing at the tissue level the phenomenon known

as growth. Essentially nothing is known of the

mechanism whereby the meristematic cells are

maintained in the dividing state or why some

daughter cells escape this state to begin elongation

and maturation.

Two broad, alternative possibilities concerning

the radiosensitivity of meristems are presented in

the hterature. First, a number of papers*'' ''• ^' indi-

cate that meristematic cells are more susceptible to

radiation damage than are resting or quiescent cells.

Secondlv, as suggested by Henshaw and Francis,''

there is the possibility that during growth various

internal systems of cellular components of meriste-

matic cells are more easily modified than are mature

cells.
. . . ., .

Both chromosomal damage and mitotic inhibi-

tion may contribute to reduced growth.^ The most

conclusive and consistent work on this has been

with X-raved root tips of Vicm faba. A number of

workers"'
''• " found increasing inhibition of the

mitotic process with increasing radiation dosage.

This radiosensitivity of mitosis is also pertinent in

regeneration following radiation damage, since the

reduction in rate of growth could be explained as

differential killing of meristematic cells. Resump-

tion of growth, therefore, would be from cells least

damaged by radiation."'' "- '' Growth inhibition of

mung bean roots is not due solely and directly to

radiation effects on mitosis, but also to induced

phvsiological changes.'' BalP found that when

sublethal amounts of both P"' and S"^ were used in

a callus culture containing actively dividing cells,

these cells, even though in division, were more re-

sistant than cells in the marginal meristem. There-

fore, it is concluded that not all dividing cells are

radiosensitive. The radiosensitivity must include

more than chromosome damage, and induced phys-

iological changes in both dividing and nondividing

cells must be considered.

A definite pattern of biochemical transformation

with growth, at least in normal root tips, has been

estabhshed.''
"' '"' ^' The developmental pattern

in the apical meristem goes from actively dividing

cells, uniform in size and protein content, to elon-

gation without cell division accompanied by shght

hydration and a considerable increase in protein

nitrogen and ash, and finally to completion oi

growth with a rapid increase in carbohydrates with

a dilution of protein, ash and water.

It has been established that cell division is de-

pendent on the level of native auxin (indoleacetic

acid). Since auxin production is related to meta-

bolic activity and irradiation reduces the

auxin content in plant tissues,
29, Go,

it IS

realized that the radiosensitivity of meristems

might lie in the inhibition of auxin biosynthesis.

Intracellular Changes. Lopriare, as early as

1897, observed that X-rays accelerated the flow of

cytoplasm in cells of Vallisneria spiralis. The ac-

tivity returned to normal immediately after ir-

radiation if the period of exposure was less than

one hour. Exposure longer than one hour, however,

caused the protoplasm to become granular, to ap-

pear more vacuolated and to have a yellow tinge.
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Other early workers found an increased cytoplasmic

streaming"" and changes in viscosity.®'
"°

The first cytological studies on the effects of

radiant energy was by Komuro,^"' *^' ** using X-
irradiated Vicia jaba seed. He found that about

200 r caused a multiplicity of nuclei, increased the

size of cells and nuclei, increased vacuolization of

nuclei and cytoplasm, increased the number of

nucleoli, and decreased the chromatin material in

root tip cells. Others®'^- ®^ found a granulation of

chromatin material and a separation of various

cytoplasmic parts 80 minutes after irradiation. The
cells became so disorganized that only shadows of

dispersed fragments of the nucleus and cytoplasm
remained.

Nadson^* reported that concomitant with the

changes in movement and granulation of the pro-

toplasm, there is an appearance of fat droplets

resulting from breakdown of lipoproteins. Morpho-
logical changes in frog liver induced by X-irradia-

tion appear first in the mitochondria and later in

the nucleus.®®' ®^ These changes consisted of swelling

of the mitochondria or complete disintegration of

the nucleus.

Exposure of chicken embryos to 465 r of X-rays
three days prior to sacrifice reduces the amount of

liver cell mitochondria.'^" This reduction, however,
was not observed immediately or even within 24

hours after irradiation, suggesting that the mito-
chondria per se are relatively radioresistant but
multiplication or maintenance during the rapid

division of the liver cells is altered.

Changes in Nuclear Function. It has long been
known that ionizing radiation will cause chromo-
some aberrations but only in recent decades have
the cytological techniques been developed which
will allow quantitative studies. Ionizing radiation

produces three general classes of aberrations, de-
pending upon the stage of nuclear development at

the time of irradiation. When irradiation is applied
at the resting stage, the chromosomes respond as

if they were single strands, while at metaphase and
anaphase the induced aberrations are seen to in-

volve both of the two sister chromatids.""

Irradiation at prophase may result in breakage
of both or only one of the two sister chromatids
at any given locus. Chromatid exchanges, or trans-

locations, can usually be induced only at meta-
phase, but the chromatid deletions, isochromatid,

decentrics and rings can be recognized at either

metaphase or anaphase.

Induced half-chromatid aberrations were first

observed by Swanson®' in the pollen tube chromo-
somes of Tradescantia. More recently, these

changed have been found in root-tip cells following

chemical treatment.

The frequency of chrosomal aberrations induced
by X-irradiation can be increased bj^ temperature,"
by application of a centrifugal force,''® b^^ irradiat-

ing with infrared radiation,®^ b^^ treatments with
positive pressures of CO or COd'^ and by other

chemicals,^" whereas irradiation under anaerobic

conditions greatly reduces the X-ray effect
.®°

Genetic Effects. It was established almost 30

years ago by Muller and Stadler that hereditary

changes similar to those occurring naturally could

be induced in animals and plants by radiation.

Relatively little work was done in this country,

however, in using radiation as a tool for plant
breeding until the late 1940's. It was believed by
many geneticists that radiation caused only dele-

terious genetic changes. However, recently there

are some indications that radiation-induced mu-
tants may be of special significance to practical

plant breeders.

The first account of progress in radiation-induced

mutations in the United States was reported in

1933. By exposing cottonseed to X-rays, a muta-
tion was produced from a chlorophyll-deficient

recessive phenotype character to that of normal
green. Also after X-irradiation, genes for recessive

forked leaves were dominant for normal leaf shape.

About the same time Delaunay^" and Sapehin®^

in Russia reported short straw and ph^^siological

mutants in wheat. However, the first performance
data on induced mutants were reported from
Sweden for barley.'** German workers also induced
a considerable number of promising mutants in

barley, and more recently in other crops.^^' °^

Enzyme Inactivation. The earliest attempts of

biochemists to solve the problem of radiation in-

jury were based on the premise that the death of

an irradiated organism was due to irreparable dam-
age to some essential enzyme.
The systematic work by Dale and his colleagues^®

demonstrated quite clearly that enz3^mes in solu-

tion could be inactivated by irradiation and that

the more dilute the enzj^me solution the greater

the inactivation. The presence of substrate or co-

enzyme provided a considerable measure of pro-

tection. It was also found that certain low-molec-

ular-weight compounds, such as thiourea, and
''inert" protein produced a substantial reduction in

the amount of damage sustained by the enzyme.
Although these in vitro conditions did not simu-

late the conditions existing in the living cell, the

result of the work was to give initial impetus to

the vast amount of research which has since been
carried out on isolated coenzymes, enzymes and
enzyme S3^stems.'' -^' ^"^ *'• ^^- ^'- ^- '"

Much earlier work*- ^ had been concerned with

toxic substances, which reacted with essential sulf-

hydr.vl (SH) groups, and that ionizing radiations

preferentialh' destroyed sulfhydryl enzymes. The
difference in behavior of solutions of phospho-
glyceraldehyde dehydrogenase, succinic dehydro-
genase 3'east hexokinase, and adenosine triphos-

phatase to that of the non-SH enzymes—catalase,

cytochrome oxidase, lactic dehydrogenase, trypsin

and ribonuclease was thought to be due to their

SH dependence. Perhaps even more important
than the separation according to SH dependence
is that cysteine or glutathione could reverse the

radiation inacti\'ation. These studies in vitro were
supported by a measurement of the respiration of

various tissues taken from rats that had been ex-

posed to whole-body radiation. It was found that

in tissues taken at four hours postradiation there

was a marked reduction in the rate of oxidation of

substrates requiring SH enzymes. Unfortunately,
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much of the work on inactivation of SH enzymes

in vivo has lacked substantiation by other workers,

notably LeMay" and DuBois et aU°

An exhaustive survey of the literature on enzyme

activity after irradiation has recently been made

by Errera,'' and, although results cannot be ex-

trapolated from conditions in vitro to those in

vivo or vice versa/^ it seems that the sulfhydryl

hypothesis of Barron has now been generally aban-

doned.
Changes in Nucleic Acid Metabolism. Any in-

terference with the structure or dynamic equilib-

rium of the enzyme systems of the nucleus will

be reflected by changes not only in the nucleus but

also in the rest of the cell. It is also likely that

cytoplasmic injury will, in turn, affect the nucleus,

and the extent of radiation injury will depend on

how far one of the components of the cell can meet

the needs of the other. Of particular importance to

the cell is the integrity of its nucleic acids, and a

wealth of data on this subject has stemmed from_

the classical experiments of Hahn and Hevesy^

on the incorporation of P^' into DNA. The earliest

experiments®^ showing a decreased incorporation of

P^' into the DNA of rats after X-irradiation have

been confirmed in other species.

A summary of the evidence now available clearly

established that after exposure there is usually a

fall in nucleic acid content of tissues'^' '° and this

fall is accompanied by a decreased rate of in-

corporation of various precursors into DNA. The

present uncertainty is whether these changes are

due to an immediate action on the DNA-synthe-

sizing mechanism or whether they result from cell

death and/or changes in cell population. Reduced

amounts of DNA and RNA have been observed in

certain tissues three hours postradiation,^' but most

of the data have been obtained at much longer in-

tervals corresponding to a loss of cells. The fact

that the alterations m both DNA and RNA con-

tent are similar at lethal doses would support the

idea that the changes are due to disappearance of

cells. Ord and Stocken'° suggest that the inhibition

of DNA synthesis by lethal X-irradiation may be

due to "template" damage.

If the results on precursor uptake and DNA con-

tent are compared, it appears that, although all

tissues show an initial fall in uptake, this is not

always followed by a lowered amount of DNA.
One of the greatest problems in relation to

these studies is the fact that no definite answer

can be given to the question of cell death. This

problem has been excellently discussed by

Howard,''^ who came to the conclusion that most

experimental results can be explained by mitotic

delay as shown by Painter and Robertson,*'^ and

is not a consequence of a biochemical reaction of

radiation on DNA yer se.

Interference with DNA formation is bound to

lead to mitotic arrest. Autoradiographic studies of

incorporation of P'' into DNA of cells in the root

meristem of Vicia faba revealed that synthesis of

DNA takes place in the middle of interphase.^'

Normal cells build up all their DNA several hours

before entering mitosis and, in spite of this fact,

are delayed by irradiation applied at the beginning

of division .^^ These results indicate that radia-

tion can interfere with cell division not only by

blocking DNA synthesis. Pelc and Howard*'- suggest

that different mechanisms of action are responsible

for inhibition of DNA synthesis and reduction of

growth rate.

Owing to the difficulty of isolating RNA in a

reproducible state and characterizing it, relatively

little work has been done on the effects of irradi-

ation. However, the chemical changes produced, so

far as they have been examined,'^ are similar to

those of DNA. These changes are fragmentation

of the polynucleotides, liberation of phosphate and

free bases, deamination, and some ring fission of

the bases.

Another avenue of approach, which is not at

present possible with DNA particles, is the study

of actual biological activities of particles (mito-

chondrial and microsomal) containing RNA as an

important constituent.
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RADIOGRAPHIC ANALYSIS AND VISUALIZATION USING

X-RAY SPECTRAL INFORMATION

The usual radiographic methods discard informa-

tion by lumping the effects of the subject on a

number of X-ray wavelengths into a single mono-

chrome display (black and white radiograph). One

obtains maximum knowledge of a multicomponent

subject if spectral information is also extracted;

that is, the way in which absorption varies with

wavelength. Furthermore, this reduces the radia-

tion dose to the subject if the latter consists of

living biological material. In fact, minimum dose

requires a "constant intensity image'" and perhaps

contrast enhancement by a nonlinear transfer func-

tion in the means for conversion to a visible

image,' and in addition, either a suitably selected

monochromatic wavelength^ or else, some method

of using and displaying the variation of absorption

with wavelength. Two types of methods for ac-

complishing this last will be discussed here.

Information about subject absorption and its

rate of change with wavelength can be presented to

the eye in the form of a colored image or print

that is formed from ''separation negatives" made

by taking two or three radiographs with differing

incident X-ray wavelength distributions.'' " If

one particular element is of interest, then special

procedures can be devised and it may be desirable

to choose the wavelength employed to fall in the

vicinity of the characteristic K absorption edge of

that element, (Fig. 1). If iodine, such as might be

employed to outline a body cavity or to depict

the path of blood flow in a clinical procedure, were

the material of interest, then the method of Fig.

2 could be employed. Here, the two solutions can

be considered as constituting a set of Ross filters."

Roughly speaking, this procedure generates two

images that differ mostly in a region where some

subject iodine is present. This difference is con-

verted into a change in hue and in preliminary

experiments^ differentiation by color was demon-

strated, though no evaluation of ultimate sensi-

tivity has yet been made. For best resolution with

low dose, the X-ray tube can be placed to one

side to produce characteristic secondary radiation

that then traverses the subject from a fluorescent

source incorporating cesium, barium, or lantha-

num ; a special tube with a barium sulphide target

should have a similar effect.

We next discuss a method for simultaneously

producing a set of ''maps," each depicting, in

black and white, the distribution of a different one

of the several materials in a subject. This tech-

nique has been demonstrated to be both a very

sensitive means for visualizing structure and also

as a method for in vivo quantitative analysis. The

method can be understood most conveniently as

a generalization of a simple scheme. Suppose a

monochromatic X-ray beam traverses a wedge of

some material and then falls upon an intensity

detector whose output controls the wedge position

in such a way as to bring the detected intensity to

a preset value. Then if a sample of this same mate-

rial is also inserted in the beam, the wedge will

move out in such a way as to leave the total

amount of the material in the beam fixed. The

distance the wedge moves out is proportional to

the amount of the material introduced. The mo-

tion can ho recorded on a film as a variable dark-

WAVE LENGTH —

>

Fig 1 Intensity of X-ray transmitted by one or the other of two elements in the vicinity

of their absorption edges. For iodine and barium, the K edges fall at 0.373 and 0.331 Angstrom

(33.2 and 37.4 kv), respectively. Fall-off outside this region is largely determined by the

spectrum emitted by the tube.
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OUTPUT IMAGE

TELEVISION
SYSTEM

IMAGE
ORTH 1 C ON

LENSES OR

FIBER OPTICS

IMAGE
INTENSIFIER

SUBJ ECT

FILTER WHEEL

X-RAY SOURCE

Fig. 2. Television system for visualizing the dis-

tribution of iodine in the body (either that nor-

mally present or an injected contrast mediuin).

Best results are obtained from a source having
characteristic emission lines on both sides of the

iodine absorption edge.

ening, and scanning the subject thus provides a

radiograph showing the over-all distribution of the

material. The same thing is true if there are ;

wavelengths, each maintained at constant intensity

and ; materials. Each wedge will then move
independently of the rest to indicate the amount
of its material in the subject. The motion of all

the other wedges cancels fluctuation in amount of

substances other than the one of interest. There

result ; monochrome images for later individual

study, each depicting the distribution of one mate-

rial. This can be considered either as a method of

quantitative analysis, or as a method of radiog-

raphy.

It might be mentioned that there have previ-

ously been suggestions for the use of one wedge
and feedback in a double beam scheme to com-
pensate changes in thickness or of iodine content

.''

But the use of just ; wavelengths for ; materials

with ; wedges simultaneously moving in the beam
brings in a number of new concepts.

It is possible to prove that under equilibrium

conditions there is a unique end point .^ In the

proof one also finds the condition that substances

be considered distinct and thus distinguishable. In
Fig. 3 is shown a schematic representation of the

system. Each of the ; wavelengths, m, is assumed

to be attenuated to a fixed intensity fraction, k,

by traversing the subject and wedges. If fjinm is the

absorption coefficient of the nth material for the

mth wavelength, then there is one equation for

each wavelength that expresses the outgoing in-

tensity in terms of the traversed thickness of each

of the materials

:

i

Yl - l^nrntr, = log k„,

Thus there are ; simultaneous algebraic equations

in the thicknesses of the ; materials (wedge plus

wedge-material in the subject). The quotient of

two determinants gives the value of t traversed

in any one material. One of the determinants is

made up of the fi's and the other is made up of

the /a's and fc's and thus each ^ is a number (a

constant). This shows that, at equilibrium, the

total amount of each material in the beam is

individually constant. Thus, for example, if 1 g/cm^

of a material is present in the unknown, then

that wedge will move out by an amount exactly

equivalent to 1 g/cm^.

The previous is true if the coefficients of t are

such that no two equations are ''derived equa-

tions." This gives the precise definition with which

the term ''distinct materials" is here used. The
observed laws of X-ray absorption are such that

different elements tend to be distinct. Essentially,

WEDGE N

Fig. 3. If the wedges move so that the intensity

of each emerging X-ray is constant, then each

wedge position indicates the amount of its material

at the traversed place in the subject. For example,

if there are three wedges and three wavelengths,

then by scanning the subject, one simultaneously

obtains three maps or radiographs, each depictmg

the distribution of one of the three materials m the

subject.
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two materials are distinct if their absorption

curves, as a function of wavelength, do not have

pairs of proportional ordinates in the range of

wavelengths used.

The greater the differences in the way absorption

varies between the materials, the greater are the un-

balance signals. Thus, for maximum sensitivitj', it

is advantageous to work around absorption discon-

tinuities or edges.

The control signal to any one wedge will vanish

at equilibrium if it is any linear combination of the

error signals from the detectors. Circuitry that

worked in a two-wedge experiment will be cited,

but the best general system for good transient

response has not yet been fully investigated. This

matter has been mentioned elsewhere® and will

be touched upon again in this paper.

The ; wavelengths can either follow each other

in succession onto one detector, or they can all

act simultaneously onto ; detectors. The beams
must all traverse the same region of the subject

and so, because of this and drift considerations, a

single detector is felt to be best even though some
sort of memory or gating circuit is then required.

A piece of equipment already under construction

by B. Jacobson at the Karolinska Institute in

Sweden for a related operation was modified as a

joint effort to test this new principle. The experi-

mental arrangement and some results have been

given.^ In this case, the scheme was adapted to

the detection of iodine (both for the quantitative

analysis of the amount normally present in human
beings, and for the sensitive mapping of a standard

X-ray contrast medium). The two wedges were

made of iodine and of plastic, the latter being

similar to soft tissue. The monochromatic wave-
lengths were suppUed alternately by a pair of

rotating secondary emitters (fluorescent radiation).

These wavelengths were chosen to fall just on
opposite sides of the iodine K absorption edge for

maximum sensitivity.

The position of the plastic wedge was auto-

matically adjusted through suitable gating circuits

to bring the longer wavelength always to a preset

intensity value. The a. c. component in the detec-

tor signal, as the two wavelengths alternated, was
brought to zero by control of iodine wedge posi-

tion. This then brought the intensity of the shorter

wavelength also to the preset value. The two
wedges often hunted, at slightly different frequen-

cies, in a small range about their proper positions,

as expected. Wedge position was used to control

the frequency of a flashing light (with constant

energy per flash) which blackened a film during

the scanning process. Thus, for example, the iodine

distribution in a normal thyroid was mapped,
which gland cannot ordinarily be seen in a radio-

graph.^

Jacobson independently reported some observa-

tions with the unit^° and noted that fat does not
seem to act like water. Thus three wedges would
be more suitable. He noted that 1 g of fat per

square centimeter acted like 0.5 mg of iodine per

square centimeter.

Nonuniform irradiation of the subject—for ex-

ample, by appb^ing most of the dose around the

edges of structure—can reduce the total dose to a

subject in producing a given image qualitj^; but

constant output intensity sj^stems such as the

present one tend to minimize dose.^ Another
property of such systems is that they can be

compensated against source-intensit}' fluctuations

with an auxiliary detector and difference amplifier,

rather than with a ratio detector.

From dose considerations this procedure is most
practical in human beings for the relatively heavy
elements because the lighter ones demand "soft,"

highly absorbed wavelengths, if use is to be made
of absorption edges. Possibly heavier elements

should be used in contrast media for this reason

(at least for use in retrograde application). A
similar system may have application in the ultra-

violet, and the visible analog is sometimes a

convenient guide to thought.

Finally we might note that there are several

alternative views as to what this last process com-
prises. In all cases, however, it is clear that more
information about a subject is carried than in

ordinar}- radiography because one supplements

gross absorption observations with additional in-

formation about the difference in absorption at

different wavelengths (spectral information). A
spectroscopist is thus satisfied that a comparison

of the incident X-raj^ spectrum with that emerg-

ing from the subject should carry enough informa-

tion to identify the kind and amount of material

traversed in many cases. A contrasty image results

because the presence of unwanted materials or

wavelengths can be ignored. Special spectroscopic

autocorrelation techniques,^^ which can be imple-

mented by the motion of wedges, here appear

relevant. A way of description that often appeals

to radiologists, because of their familiarity with a

certain vocabulary, is to point out that in essence

the method quantitates the "hardening" of an

X-ray beam as it traverses the subject. The process

is simphfied by using a beam containing only a few

discrete wavelengths, whose relative intensities are

monitored, rather than a continuum. For the pre-

vious case of two materials, it is convenient to

think of forming two X-ray images, each by
monochromatic rays whose energies fall on op-

posite sides of a K absorption edge. The difference

in the two images is a new image depicting the

distribution of the edge material, and this in

scanned form is the a. c. component of detector

signal above. The wedges in this case are regarded

as a stabilizing feedback element and as a com-
pensator for variation in the amount of the in-

different material,^ though clearly there is con-

siderably more involved when several wedges are

moving simultaneously in a beam. Another view

is that in this feedback system one has a source

of X-rays whose composition and intensity can be

varied in response to changes in the beam emerg-

ing from the subject. Modulation is by wedge mo-
tion here, but this picture suggests fast tubes in

which electron beams are deflected over mixed

targets and secondary emitters, or in which the

relative contribution of several separate tubes to
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a final beam is varied. A multidimensional feed-

back system of similar complexity has been de-

scribed elsewhere in another connection .^^' ^^ Control

engineers term such systems "multivariate", and
they can show a form of conditional stability unless

decoupled by suitable circuits. Rather than having

wedge motion, one can process the several intensi-

ties into final output signals.^ If wedges are used,

dose considerations for the subject indicate placing

the wedges on the source side ; thus it is the source,

not the detector, properties that are to be modified.

This also allows the detector to be used in an effec-

tive range and the source to be run at low power if

it is directly modulated.

In every case of the use of the second general

method described here, where one has a finite

resolution and a limited number of wavelengths,

one assumes a certain composition in the subject.

From this qualitative analysis one goes to a quan-

titative analysis. In the above case a person was
assumed to be composed of essentially iodine and
soft tissue in the region of the throat, the soft tis-

sue assumed to be of uniform composition for the

existing purpose. In the case of the general conver-

sion-to-color techniques, on the other hand, it is

not necessary to assume a preliminary qualitative

analysis. The methods discussed here should be
considered as automatic procedures for clinical use

and industrial use that are examples of many re-

lated methods falling in the category of the title

subject.
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RADIOGRAPHY, ISOTOPIC, OF PHYSIOLOGICAL HARD

TISSUES

In addition to the well-known use of radio-

isotopes for tracer experiments, radioactive nu-

clides have been used for isotopic radiography in

medicine,^ dentistry^- ^ and nondestructive testing.*

Argon of atomic mass number 37, which has a

half life of 34 days, was one of the first radioactive

isotopes to be discovered which emitted X-rays

only during the process of decay .° Since 1941 some
hundreds of radioactive nuclides have been found

which in their decay process emit their character-

istic X-rays .° In addition, many of these nuchdes

also emit gamma rays whose energies range from

a few kiloelectron volts to several milhon electron-

volts. The energies of radiations that are satis-

factory for the visuaHzation of the hard structures

of the body may range from 20 to 250 kev."'
^

The criterion for the usefulness of a radionuclide

can be based upon a combination of the avail-

abihty of the radionuclide, the ease of its produc-

tion, its half hfe, the suitability of the emission

spectrum, and the specific activity of the sample

in which the isotope is contained. Table 1 lists the

principal characteristics of eleven radionuclides

that best meet the conditions imposed by the

criterion.

With the exception of Ce-144 and Eu-155 the

first listed energies of the radiations in column two
of Table 1, emitted by the respective nuchdes

listed in column one, are the Ka radiations of the

nuclides into which the radionuclide decaj-s. The
energy of the 27.5 kev radiation from the 1-125

closeh' coincides with the peak intensity of the

unfiltered white radiation from the self-rectified

X-ray machine operated at a dial setting in the

neighborhood of 65 kilovolts.^ The higher energy-

Ka radiations coincide more closely with the peak

intensity of the highly filtered radiations from an

X-ray machine operated at a dial setting in the

neighborhood of 90 kv. The higher energies hsted

in columns two and three are the principal gammas
emitted. Even though the per cent of the high
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Table 1

Emitted radiations in order of

oisotope

intensity

Radi

Kev of useful
radiations

Kev of

detrimental
radiations

I 125 27.5, 35.4 —
Cs 131 29.8 —
Ce 144 135, 81, 33 695, 2100,

1495

Sm 145 38.6, 62, 760, 1085,

225 1390

Gd 153 41.5, 102,

71

—

Eu 155 85, 43, 225 690, 960,

1320

Dy 159 44.5, 85,

200

336

Yb 169 50.7, 63.1,

198

308, 261

Tm 170 52.4, 84 970, ~400
Hf 175 54.1, 90,

114

344

W 181 57.5, 152, —
136

%of
detrm.
spect.

.11

.28

.001

;.6

.1

Half life

81

60 d
10 d

290 d

1 . 12 y

236 d

4.25 \

134 d

32.5 d

127 d

70 d

140 d

energy detrimental radiations, shown in column

four, is large in some instances, satisfactory radio-

graphs are produced.

Densitometric measurements of roentgenographs

and radiographs show that the detail of the image

does not suffer adversely even though the mono-

ergic gamma ray energies emitted by the various

radionuclides are well above the cutoff value of the

continuous radiations from an X-ray machine.^

Radiographs of the skull are characterized by good

detail not only in the dense petrous portion of the

temporal bone but also in the region of the thin

ascending ramus of the mandible."'
^

Although no one of the many currently known

ray-emitting radionuclides possesses first position

in each of the five subdivisions of the above cri-

terion, nevertheless the eleven nuclides in Table 1

reasonably satisfy the requirements for isotopic

radiography.
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W 180

Bombard,
particle

% Enrich-
ment of

parent
isotope

Neutron
Neutron
Product

Neutron

Neutron

Neutron

Neutron

Neutron
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RADIOGRAPHY, LOW EXPOSURE

Exposure to ionizing radiation is a subject which

has been discussed rather heatedly in the past few

years. This discussion has occurred not only in

scientific circles, but also in the lay communica-

tion media where many conflicting and confusing

opinions have been expressed.

A similar situation existed about forty years

ago for different reasons. The X-ray injuries of the

past were obvious to all and consisted of burned

hand, singed pelves, or bhstered backs. These in-

juries were due to our primitive equipment and to

our incomplete knowledge. As the equipment im-

proved and our knowledge increased such injuries

became so rare that radiology ceased to be asso-

ciated with "X-ray burns" in the minds of the

public.

Having solved the problem of direct X-ray in-

juries to patients, radiologists directed their at-
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tention to the prevention of damage to radiation

workers, and there was estabhshed a "weekly

permissible dose" which was progressively reduced

to the present low level. It can be stated cate-

gorically that no one who has abided by the rec-

ommended permissible dose has suffered any

visible damage from radiation work.

The concept of "weekly permissible dose" still

applies to radiation workers, but the Nobel prize-

winning work of H. J. Muller has shown that it

cannot be applied to the general population. Dr.

Muller has conclusively demonstrated first, that

any amount of radiation can produce genetic mu-
tations, second, that the number of mutations in-

creases with the amount of radiation, and third,

that most mutations are harmful.

Because of these well-established facts, follow-

ing the first atomic explosions all scientists began

to worry about the effect of radiation or of radio-

active fallout on large segments of the population.

This prompted the National Academy of Science

to investigate the amount of radiation exposure

reaching the American people as a whole.

The results of this investigation were somewhat
surprising inasmuch as they showed that the

largest amount of exposure was not due to atomic

bombs but to medical X-ray examinations.

In a way, this unexpected finding was a testi-

monial to the usefulness of radiology in medical

diagnosis. On the other hand, the data published

by the National Academy of Science compelled all

conscientious radiologists to pause and ask them-
selves some questions. As a result, numerous
studies were conducted regarding the amount of

patient exposure during diagnostic procedures, and
these studies indicated that there was substantial

discrepancy in the amout of radiation delivered by
various workers for the same examinations.

At this point it may be well to consider that

the necessity for reducing radiation exposure

varies according to the sex and the age of the pa-

tients. Figures regarding the incidence of age and
sex of all patients are not available on a national

scale, but it may be assumed that about half of

the patients are male. Usually, males over 45 have
no genetic worries. The testicles of males under 45

may be shielded very effectively by simple devices.

Females over 45, as well, have no genetic problems.

The only group which causes concern is the young
female before and during the generative period.

Even in this group, X-ray examinations of areas

distant from the ovaries cause no great concern.

It is only when low abdominal radiographs are

taken that the ovaries may be exposed to the

direct X-ray beam. For this reason low-exposure

techniques have been developed. These techniques

minimize exposure for all patients.

Low-exposure techniques are based on the fol-

lowing procedures: (1) shielding, (2) coning, (3)

filtering, (4) proper use of distance and grids, (5)

phototiming, (6) image intensifiers, (7) faster

screens, faster films and more effective processing.

Shielding is the obvious procedure in male pa-

tients. This is done with lead rubber appliances

which fit snugly over the scrotum and arrest all

primary and most of the secondary radiation.

Shielding is also used in young females by covering

the ovarian region with lead whenever there is no
medical reason for visualization of this area. This

is particularly true of young gn-ls with diseases of

the hip joints where many radiographs must be

taken to follow the progress of bony changes.

Shielding may also be used when chest X-rays are

taken by having the patients hold a lead rubber

apron over the buttocks. This has good psj'cho-

logical value, but is of little use if the X-ray beam
has already been restricted to the chest by proper

coning.

Coning. Modern X-ray tubes carry cones or col-

limators of variable aperture. These cones are of

the greatest importance in reducing the volume
dose by restricting the beam exactly to the area

to be examined. To use such variable cones ef-

fectively it is necessary to know the full extent of

the X-ray coverage, and the best cones simulate

the X-ray beam by a beam of light. These cones

allow the exit of square or rectangular beams of

X-rays. When the area to be examined is not

square or rectangular, lead cutout frames may be

employed. Such frames are attached to the end of

the colhmator and allow further restriction of the

beam.
Filtering and Kilovoltage. The X-ray beam de-

livered by our machines is not homogeneous and

the use of aluminum filters ehminates those X-raj's

which would be absorbed by the patient but

would not reach the film because of excessive

wavelength. Filters must be adapted to the kilo-

voltage level using heavier filters with increasing

kilovoltage. High kilovoltage and high filtration

decrease the exposure considerably, but if one car-

ries this too far, the gain is offset by films of poor

diagnostic quality.

Differential wedge-shaped filters are often used

in addition to the regular filters to ec^uahze the

radiographic densitj^ of parts of unequal thickness.

Wedge-shaped filters are especially useful in the

films of the pregnant abdomen to obtain a clear

view of the mother's pelvis as well as of the fetus.

Such filters decrease the incident and volume radi-

ation by absorbing this radiation before it reaches

the thin parts of the patient.

Grids. Grids have made possible the sharp

radiographs of today by ehminating secondary

radiation fog. These grids consist of alternating

strips of radiopaque and radiolucent materials

oriented so as to allow the passage of the image-

forming primary rays while blocking the fog-

producing secondary radiation. Unfortunately, in

addition to absorbing secondary- radiation, grids

also absorb a large percentage of primary rays and

thus require a compensatory increase in exposure.

Necessary as they are, grids are our greatest

obstacle to reduction of patient dosage, and one

should always use the lightest grid consistent with

the kilovoltage employed.
Distance. The distance between the tube and

the patient also plays a part in the dosage de-

livered. This is due to the fact that some second-

ary radiation is generated within the cone as-
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sembly. When large parts or large patients come

too close to the cone a variable quantity of sec-

ondary rays is delivered to the body area closest to

the cone. This can be minimized by increasing the

patient-cone distance by a sufficient amount (about

20 inches).

Phototimers have been one of the greatest ad-

vances of recent years since they terminate the

exposure automatically once the proper amount of

X-rays has reached the film. Phototimers allow

variations in distance, filtration, thickness of parts,

milhamperage and kilovoltage without reference

to charts or calculations. This insures against poor

radiographs, allows the delivery of the minimum
dose to the patients and ehminates most of the

technical "retakes." "Retakes" are in fact the

greatest pitfall of poorly equipped or poorly

staffed departments of radiology. Each "retake"

means unnecessary X-rays delivered to the patient.

Although "retakes" are rarely necessary when a

competent technician does his work according to

accepted procedures, they are almost totally ab-

sent when phototiming is employed.

Intensifiers. Some X-ray exposure is delivered

to patients during fluoroscopic examinations. This

can be decreased by the employment of electronic

image intensifiers. The light given by these in-

tensifiers is 1000 to 3000 times brighter than that

of an ordinary fluoroscopic screen. This permits

employment of lower tube currents and shortens

the examinations through better visibility.

Screens, Films and Processing. Lastly, it

should be mentioned that faster screens, faster

films and better processing of these films have

allowed further reductions of exposure.

As of now, the employment of shielding, coning,

filtering, proper distance, proper grids, phototiming,

image intensifiers, fast screens, fast films and better

processing have brought the patient's exposure to

a minimum in all well-regulated X-ray depart-

ments. Further decreases are unlikely in the pres-

ent state of the art, and the time has come to

balance the small risk of expertly done X-ray ex-

aminations against the usefulness of the diagnostic

information received. While considering this, one

should remember that while the young female is

genetically vulnerable, all others are not concerned

with genetic damage because of age, or can be ade-

ciuately protected by responsible personnel.

Cesare Gianturco

RADIOGRAPHY, SPECIAL MEDICAL TECHNIQUES. See

Laminography; Roentgenography with Directly En-

larged Images; Solidography.

RADIOGRAPHY IN SUPERVOLTAGE AND HIGH-ENERGY

RANGES*

The characteristics of 2-Mev X-radiation from

the electrostatic generator combine to make radiog-

*Brief extracts from 2 comprehensive reports by
E. A. Burrill et al.: (1) "An Investigation of Radi-

raphy at this voltage very versatile. The funda-

mental investigations described in this paper re-

duce the problems of high-voltage radiography to

simple techniques. In summarizing the results of

this research, the following facts are outstanding

:

1. The penetrating power and intensity of the

radiation permit production radiography of sec-

tions up to 8 or 10 in. of steel and quantitative ex-

amination of objects as thick as 14 in. of steel and

greater.

2. The sensitivity and latitude, in combination

with the high degree of definition, permit analytical

investigation of the volume of the object. In-

homogeneities and internal structures are revealed

in more detail both because of the small focal-spot

size and because of the inherent contrast of the

radiation.

3. Objects that have an unfavorable geometry

can be more effectively radiographed at 2 Mev
than at lower voltages, because the scattering fac-

tor is much less for the high-voltage case. The

problem of minimizing scattered radiation is more

easily solved with 2-Mev "point source" X-rays be-

cause the scattering is less than at lower voltages

and because of the small focal-spot size.

4. Stereoscopic radiography can be very effec-

tively conducted at 2 Mev by virtue of its pene-

tration and because of a small focal spot. A natural

stereoscopic effect is more pronounced in thick

sections. By recording the details of the object with

more sharpness, the confusion usually met with the

blending of stereoscopic radiographs is minimized.

Some of the appUcations of 2-Mev X-rays to pre-

cision radiography have been discussed in another

paper.^ It is found that the properties of this radia-

tion are such as to yield radiographs of high qual-

ity through objects in which the orientation of in-

ternal parts must be ascertained with precision.

There are some advantages to the use of higher-

voltage X-rays. X-rays of energy higher than 2 Mev
are useful in obtaining increased penetrating power

and intensity and lessened scattering. The gains

over 2 Mev are not, however, so remarkable as the

improvements obtained in going from lower volt-

ages to 2 Mev. Except for the radiography of very

thick sections which, at 2 Mev, require several

hours' exposure, the use of higher voltages has no

outstanding radiographic advantages.

The do\sTLward trend of k/fx-t decreases with in-

creasing voltage as the Compton effect becomes

less important and as the total absorption coeffi-

cient approaches a minimum value. Latitude con-

tinues to increase wdth higher voltages but without

a corresponding increase in sensitivity. The produc-

tion of X-rays becomes more and more pronounced

in the forward direction, tending to limit the useful

cone of radiation. The spreading of photo- and

Compton-electrons in the photographic emulsion

ography in the Range from 0.5 to 2.5 Milhon

Volts," ASTM Bulletin m55, Dec. 1948; (2)

"High-Energy Radiography in the 6-to 30-Mev
Range," ASTM Special Technical Bulletin ^278,

1959.
, ^

t Ratio of the scattering factor t9 the total ab-

sorption coefficient, an index of radiographic qual-

ity.
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tends to prevent the attainment of the fine defini-

tion attending 2-Mev precision radiography. At
voltages greater than about 10 Mev, the absorption

coefficient for materials such as steel increases with

voltage. Although the scattered X-rays may not

represent so large a fraction of the total radiation,

the penetration of the fogging radiation (which

has lower energy) may be greater than that of the

primary beam. The problem of protecting against

this scattering would be more difficult to solve than
at lower voltages.

In reviewing the literature of radiography at

lower voltages, it appears that 2-Mev radiography
is on a very firm foundation because of the basic

information obtained regarding the radiographic

ciualities of high-voltage radiation. The quantita-

tive examination of the characteristics of the radia-

tion of interest to the radiographer; the theoretical

consideration of the fundamental processes in-

volved; and the development of formulas to ex-

plain the magnitude of the effects observed all

serve to place 2-Mev radiography on a very well-

established basis.

In the 2-Mev range, the absorption of X-radia-
tion is fortunately dominated by the Compton
process alone. For this reason, both theoretical

treatment and quantitative application are con-

siderably simpler than in either the conventional
lower-voltage range or in the newer voltage range
substantially higher than 2 Mev. This relative

simplicity has made it possible within a few years
to survey systematically the fundamental process

involved and to develop quantitative procedures
for radiography in this voltage range.

The dynamic interest in the radiography of very
thick steel sections and sohd rocket-propellant

motors has become the basis for exploring in detail

the radiographic characteristics of high-energy (6

to 30 Mev) X-rays. Furthermore, new types of par-

ticle accelerators capable of producing X-rays in

the multi-mev region have become developed to

practicality within the past few years."'*

In the 0.5- to 6-Mev range, the Van de Graaff

and resonant transformer types of X-ray equip-
ment (q.v.) have been capable of providing the

intensity and penetrating power necessary for high-

quality radiography in the steel thickness range
up to 10 in. Above about 3 Mev, however, and for

heavier steel sections, these two direct acceleration

methods become impractical for flexible industrial

use. In their stead, the betatron (q.v.) and micro-

wave linear electron accelerator (hnac q.v.) be-

come the radiation producers of greatest practical-

ity.

The betatron is a veteran of World War II de-

velopments and has been successfulh' applied to a

number of problems involving ver}' thick steel

sections. Several manufacturers throughout the

world have offered these accelerators with nominal
electron energies of 15, 22 and 31 Mev. The radia-

tion output from betatrons is in the 100 to 200 r

per min range, and the penetrating power is useful

for radiography through steel thicknesses up to 20

in.

The linac, on the other hand, is a relatively new
instrument capable of generating electron energies

from about 2 Mev to Aalues far above any energy
of interest in radiography^, depending on the ac-

celerator length and microwave power supplied.

This accelerator has the facility of continuous
energy variation with almost constant electron

power within its design scope. Furthermore, the

electron power normally a\ailable provides X-ray
intensities in the 1000 to 10,000 r per min range,

and can thus rapidly radiograph steel thicknesses

of 20 in. or more.
Thus, for the first time in the history of radiog-

raphy, industry is able to survey its thick-section

inspection problems and to select the high-energy

X-ray source of greatest effectiveness rather than
having to accept what is available and compromise
the ability to inspect for material quality with
limited means of evaluation. The conventional
X-ray realm, up to about 400 kvp, provides good
quality radiographic results through steel sections

up to approximately 3 in. in thickness. Isotope

sources are being successfully used for thin sections

and bulky material up to about 6 in. of steel in

thickness. Most of these X-ray and gamma-raj^
producers can be classified as low cost and rela-

tively compact in size.

Supervoltage X-rays (0.5 to 3 Mev) and high-

energy X-rays (above 3 Mev) introduce new prob-

lems to the radiographer even though they are

capable of high-quality radiograph}^ through 10 or

20 in. of steel, respectivelj'. The eciuipment in-

volved is much more bulky and more complex than

the lower voltage types. Its installation is generally

more costly. In addition, radiographic techniques

are quite different from those at lower voltages.

The effect of high-energy X-rays on film, the in-

tensifying effect of lead screens, the field coverage,

the normal radiographic distances, the handling

problem of the objects to be examined—all these

and many more differentiate the supervoltage and
high-energy radiographic instruments from the

conventional X-ray and isotopic sources.

These complexities are offset by the fact that

these accelerators represent the only known system
for radiographing very thick and bulky sections

with am' significance. The nuclear and space tech-

nologies require stringent inspection of the mate-
rials utilized in reactors and missiles to a degree far

greater than encountered heretofore. It is therefore

important to analyze the desirable characteristics

of the radiations needed for this type of radiog-

raphy so that an intelligent selection of accelerator

design can result. In general, accelerators in the

liigh-energy range cannot be expected to be effec-

tive for all types of problems. The individual solu-

tion is best obtained by selecting the X-ray
e(iuipment most compatible with the design of the

object to be investigated, with as much thought

toward future requirements as possible.
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RADIOLYSIS OF POLY(POTASSIUM ACRYLATE)

Poly(potassium acpydate) is a white semi

amorphous to amorphous soUd having the chemical

formula

—(CHo—CH)—

.

C=0
I

COK

It is readily prepared from polyacryhc acid by

neutralization with potassium hydroxide or by

polymerizing potassium acrylate.

When exposed to high energy ionizing radiation,

the pure anhydrous poly (potassium acrylate) de-

grades slowly. This is evidenced by the decline in

viscosity of 2 per cent poly(potassium acrylate) in

15 2 2 5 30 35

Doie in Mrads

(0 45 50

Fig. 1. Irradiation of anhydrous polypotassium

acrylate.

Fig. 3. Irradiation of aqueous mixtures of potas-

sium acrylate.

water solution with increasing radiation dose (Fig.

1). It is also apparent in the radiation-induced

polymerization of crystalline potassium acrylate.

If the viscosity in this case is plotted versus ir-

radiation dose, an initial rise occurs and then a

decline with increased radiation dose. The rise in

viscosity is due to the polymerization and the sub-

sequent dechne is due to degradation of the re-

sultant amorphous polymer (Figure 2).

When poly(potassium acrylate) is irradiated in

the presence of water, the results are different.

When irradiated at certain concentrations, instead

of degrading, the polymer crosslinks to form a

water-insoluble product. This only occurs at inter-

mediate water concentrations. At low water con-

centrations and at high water concentrations, deg-

radation is still the predominant reaction. This is

illustrated in Fig. 3.

The dependency of cross-linking upon water con-

centration is possibly due to the greater mobihty

of the polymer chain which allows the chains to

approach one another close enough to cross-link at

intermediate water concentration. From the curve

in Fig. 3, cross-linking occurs with maximum ef-

ficiency at about 40 per cent water. At water con-

centrations greater than 40 per cent other effects



905 RADIOLYSIS, SIMPLE ORGANIC COMPOUNDS

become important and cross-linking decreases until

finally degradation again becomes the predominant

reaction. At these higher water concentrations, the

potassium ion is capable of being further removed
from the carboxylate ion on the polymer chain.

The polymer chain thus acquires a more negative

surface. This leads to greater electrostatic repul-

sion of polymer chains and results, at these ele-

vated water concentrations, in chain separation

great enough to interfere with cross-linking. The
removal of the neutralizing potassium ion also

allows the carboxylate ion to assume resonant

structures. This resonance absorbs and dissipates

some of the radiation energy making it unavailable

for chemical changes. Physical separation due to

dilution at the higher water concentrations would
also hinder cross-linking.

Restaino, Mesrobian, Morawetz, Ballantine,

Dienes and Metz^ and Charlesby and Alexander" are

investigators who have studied the effect of radia-

tion on acrylic acid and polyaerylie acid salts.

Other monovalent salts of polyacrylic acid behave
much like the poly (potassium acrylate).
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RADIOLYSIS OF SIMPLE ORGANIC COMPOUNDS

X- and gamma rays interact with matter by
photoelectric absorption, Compton scattering or

pair production, in each case giving rise to a fast

electron in the irradiated compound, and it is these

fast electrons which cause the chemical effects ob-

served. For this reason the chemical effects pro-

duced by irradiation with X- and gamma rays are

similar to the effects produced by direct irradia-

tion with fast electrons or by irradiation with other

charged particles such as a-particles or protons.

Differences between different radiations are some-
times observed, but are basically due to differences

in the local density of energy deposition along the

track of the charged particles, sometimes called

linear energy transfer or LET.
The fast electrons interact with the molecules

they encounter in a very nearl}^ random fashion,

causing them to become ionized or excited. Because

of the nearly random action of the electrons, com-
pounds irradiated in dilute solutions (e.g., in

water) are little affected bj^ the direct action of

the electrons but are attacked instead by reactive

species formed from the solvent.

The ions produced by irradiation are highly re-

active.^ Reactions include charge transfer and re-

actions involving bond scission such as

:

CHit + CH4 -^ CHr,t + CH3

The excited molecules resemble those produced in

photochemistry, but excitation to optically for-

bidden states can also occur with X- and gamma
rays. Both ions and excited molecules can give

rise to free radicals. These can be identified by
electron spin resonance, and their structure and
reactivity can also be inferred from kinetic studies.

The number of free radicals formed per 100 ev of

radiation energy absorbed can be measured by
allowing the radicals to react with substances such

as diphenylpicrylhydrazyl (DPPH) or iodine, dis-

solved in the irradiated compound. The number of

radicals per 100 ev depends on the structure of the

compound, being < 1 for several aromatic com-
pounds, ~ 5 for water and ~ 8 for many aliphatic

hydrocarbons.

Cyclohexane, containing six identical C—C bonds
and twelve identical C—H bonds, is one of the

simplest organic compounds in its response to

radiation. In one typical investigation, using

Cobalt-60 gamma rays, the main products de-

tected from liquid cyclohexane were hydrogen (5.4

molecules formed per 100 ev absorbed), cyclo-

hexene (2.3 molecules per 100 ev) and dicj^clohexyl

(1.2 molecules per 100 ev). Some minor products

were also found .^ The mechanism probably in-

volves the ionization of cyclohexane followed by
neutralization to give highly excited molecules,

together with direct excitation. The excited mole-

cules may then react as follows

:

CeHis-^ CcHii- +H-

CeHas -^ CeHio + H,

H- + CeH,, ^ CoHn- + H,

2CcH,^• -^ (CHn):

2aHn- -^ CoHi CeH,

CHst + CH, -^ CoHst H:

Other reactions must also occur, to account for the

minor products.

Dissolved oxygen has a profound influence on

the radiolysis of cyclohexane.'' It reduces the cyclo-

hexene j^ield to about one-third and eliminates

the formation of dicyclohexyl altogether. Cyclo-

hexanone and other products appear instead. This

is because oxygen is an avid scavenger of free

radicals. In the case of the CoHn* radical, for ex-

ample, the following reaction occurs:

CcH„- +0.- CoHnO.-

so that in the presence of oxygen, the reactions of

CoHii- radicals are replaced b^- the reactions of

CoHnOo- radicals. Iodine, benzoquinone and other

oxidizing agents behave like oxygen. However, cer-

tain substances, if added in sufficient quantity, can

do more than simply participate in free-radical

reactions: benzene, for example, seems to diminish

the total extent of the radiolysis of cyclohexane.*

This is probably because of the presence in ben-

zene of easily excited v electrons, which tend to

absorb the energy of the radiation to yield ex-

cited molecules which are fairly stable, and there-

fore decompose only on low yield. With really

large amounts of added substances, the cyclo-
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hexane can be regarded as the solute in a dilute

solution; direct action on the cyclohexane can

then be ignored, and any effect of radiation under

these conditions must be due to attack by active

species (mostly free radicals) formed from the

added substance.

The effect of X- and gamma rays on straight-

chain saturated hydrocarbons is in many ways

similar to that on cyclohexane. Hydrogen, un-

saturated hydrocarbons and the dimer of the

original hydrocarbon are formed. But, in addition,

there is some C—C fission, yielding lower hydro-

carbons and hydrocarbons of molecular weight

intermediate between that of the original hydrogen

and that of the dimer .^ The probability with which

bonds are broken by radiation increases roughly

with decreasing bond strength. The reaction mech-

anism is largely a free-radical one, although free-

radical reactions cannot account for all of the

products.

One consequence of the formation of molecules

of higher molecular weight under irradiation is

that, with large doses, so many molecules become

linked together that ultimately (through secon-

dary attack on the initial products) a gel extends

throughout the system. A practical instance of this

behavior is seen with lubricants, which increase in

viscosity on irradiation, ultimately becoming solid.

The introduction of a double bond into a hydro-

carbon has a strong influence on behavior under

irradiation. The hydrogen yield becomes much less

(0.8 molecules formed per 100 ev in the case of

liquid 1-hexene): there is little or no fragmenta-

tion into lower hydrocarbons, and the formation

of dimer is accompanied by the formation of

higher polymers. The dimer is mainly monoolefin.®

Free radicals seem to play little part in the reac-

tion mechanism, but reactions of ions can account

for the results.

Aromatic hydrocarbons behave chemically like

olefins under irradiation, but their main character-

istic is stabihty. Benzene, for example, when ir-

radiated in the hquid phase, gives hydrogen and

"polymer" in yields (on the basis of energy ab-

sorbed) about a tenth of those obtained from

1-hexene.'^ Other aromatic hydrocarbons are even

more stable, and this has led to the introduction

of compounds such as the terphenyls for use as

coolant-moderators in reactors. The stability of

aromatic compounds is associated with the ir

electrons, as mentioned above.

Vinyl compounds are like olefins in that they

tend to polymerize under irradiation, but in ac-

cordance with the tendency of vinyl compounds

to polymerize by a free-radical mechanism, the

polymerization under irradiation is free radical in

nature. Very large yields (for a given amount of

energy absorbed) can be obtained at low radiation

intensities, and the reaction follows the normal

rules of free-radical polymerization.®

Organic hahdes tend to break at the relatively

weak carbon-halogen bond under irradiation.^ Ac-

cordingly the corresponding halogen and/ or the

halogen acid is formed. The formation of hydrogen

chloride from chlorides can lead to corrosion. It

can also be used as the basis for a sensitive radia-

tion dosimeter, by allowing the hydrogen chloride

to change the color of a pH indicator.

The weakest bond in alcohols seems to be the a

carbon—hydrogen bond. Accordingly, alcohols give

as important products a-glycol and, bj^ further loss

of a hydrogen atom, aldehyde, on irradiation.^"

Similar products are formed in irradiation of the

pure alcohol, where the mechanism is direct, or on

irradiation of an aqueous solution, where the alco-

hol is being attacked by radicals formed from the

water. Oxygen suppresses dimer formation and

enhances aldehyde formation.

Carboxylic acids tend to undergo scission at the

C—COOH bond, giving carbon dioxide, but reaction

occurs at other sites too. Aqueous formic acid has

received particularly careful study.^' The mecha-

nism of the action of X- or gamma rays on dilute

solutions consists of the radiolysis of water accord-

ing to

:

H.O- -H. •OH.H..H,0.

followed 1)\- reactions of these species with formic

acid

:

•H + HCOOH -> H. + -COOH

•COOH + H.O. ^ CO. + H.O + -OH

•OH + HCOOH ^ H.O + •COOH

2C00H-^ HCOOH + CO.

Numerous other simple organic compounds have

been irradiated with X- and gamma rays and with

radiations which produce similar effects. An ex-

haustive account of the whole subject has been

published elsewhere.''
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RADIOSENSITIVITY, COMPARATIVE, OF ORGANISMS

It has been known for many years that the dose

of ionizing radiation required to kill 50 per cent

of a population of organisms varies from a few

hundred rads for the most sensitive species to sev-

eral hundred thousand for the most resistant. The
reasons for the very great difference have puzzled

radiobiologists for many years and the difficulties

have been further complicated by the variations

in physical conditions which exist in different lab-

oratories and by the lack of any specified set of

conditions for performing experiments and report-

ing data on radiosensitivity. Until recently it was

very difficult to make vahd generahzations con-

cerning the factors determining the radiosensitivity

other than that certain groups tended to be of

high, medium, or low sensitivity. There seemed,

however, to be many exceptions and the data were

highly confusing.

It has been known for some time that the degree

of polyploidy could effect the radiosensitivity of

both animal and plant species. Generally, increas-

ing polyploidy gives increasing resistance but some
exceptions to this rule have been reported.

Recent studies on the radiosensitivity of differ-

ent species of higher plants have revealed some
interesting correlations not previously recognized.

The data show that differences in average size of

interphase nuclei or of metaphase chromosomes
characteristic of a species are a variable of major
importance. In a series of species in which little or

no differences in chromosome number exist, it has

been found that radiosensitivity is very highly

correlated with size of the chromosomes or nuclei.

The large size is always found in forms having a

high sensitivity and progressively smaller sizes

lead to progressively greater resistance. Since the

size of the nucleus or of the metaphase chromo-
somes can also be correlated with their content of

DNA, it follows that where chromosome number
is constant the higher the average DNA per

chromosome the greater the sensitivity.

The next most important variable seems to be

chromosome number. Increasing degrees of poly-

ploidy and high somatic chromosome number in di-

ploids are both associated with high radioresistance.

The reason for the higher resistance of the polj^-

ploids is assumed to be related to the duplication of

genetic information which occurs in polyploid cells;

whereas, the increased resistance associated with

increasing numbers in diploid cells appears to be

correlated with the maximum amount of genetic

loss which can result from a single chromosome
break leading to deletion. The lower the chromo-

some number the higher the maximum percentage

of gene loss, or, conversely, the higher the chromo-

some number the lower the maximum percentage

gene loss per deletion.

Another variable which has only recently been

recognized and is particularly important during

chronic exposures is growth rate or the a^'erage

length of time required for one complete mitotic

cycle. When cells are chronically irradiated, the

cells dividing at a slow rate accumulate more
radiation damage per cell cycle than cells dividing

more rapidly. This is opposite to the results of

acute irradiation when rapidly di\iding cells are

more sensitive than the more slowly dividing or

nondividing cells.

While the above correlations have been worked
out in plant material, there is everj^ reason to

anticipate that the same correlations will hold also

for animal cells and for many microorganisms.

Arnold H. Sp.\rro\v

RADIOSENSITIVITY OF HUMAN ORGANS

Skin. The earliest lesions due to ionizing radia-

tion were observed in the skin following exposure

to X-ray (1896) and radium (1900). Naturally, the

effects of such radiation were studied intensiN'ely

during the ensuing years and most of the informa-

tion available on the skin was acquired early. Dur-
ing recent years relatively little work has been
carried out with this organ. This is unfortunate

since the skin could offer an excellent tool for the

early detection of radiation exposure if sufficiently

sensitive indicators could be identified.

The effects of ionizing radiation upon the skin

and its appendages are classified as (a) reversible

changes, such as skin erythema and (b) irreversi-

ble changes, including acute or chronic dermatitis

with atrophic or hypertrophic changes and telangi-

ectasis, ulcers and cancer. There are also condi-

tional reversible changes such as pigmentation and
those involving the hair which are related to dose

and previous exposure. Another basis for classifi-

cation deals with histological changes in the epi-

dermal elements, cutaneous appendages, corium

and the vasculature.

The nature of the skin reaction to ionizing radi-

ation is dependent primarily upon the radiation

dose and energy source, the extent to which the

radiation is absorbed by the skin, the field of ir-

radiation (whether whole-body or localized), the

rate at which the dose is administered, the time

intervals between exposure and constitutional fac-

tors which include species, age, sex. region of body,

color of hair, time of day and season, endocrine

factors, concurrent disease and a ^ariety of other

variables.

The cutaneous effect depends on alterations pro-

duced (1) in the epidermis, including epithelial cell

damage, pigmentation, epidermolysis, ulceration,

atrophy, hyperkeratosis, scaling and carcinoma. (2)

in the cutaneous appendages including the hair.

sweat and sebaceous glands and nails, (3) in the

corium. including its fibrillar constituents and

ground sul)stance and (4) in the cutaneous vessels,

re.-^ulting in erythema, thrombosis, (endothelial pro-

liferation and telangiectasis.

Erythema. Irradiated skin, in the human, may
appear slightly red within a few hours. This in-

creases in intensity until a peak is reached in ap-

proximately 24 hours. The erythema fades so that,

on the third to fourth day, the skin again appears

normal. This reaction has been designated early

ervthenia or the first er\-thema wa\'e. On about
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the tenth day following irradiation, whether or not

early erythema occurred, the main erythema or

second erythema wave begins. It reaches a peak on

the fourteenth day, and is of greater intensity than

the former. The erythema fades in two weeks and

permanent pigmentation may appear at this time.

A third phase may occur with another erythema

wave which develops during the fifth to sixth week

and lasts until the seventh and eighth week after

irradiation. In some cases this appears to be an

exacerbation of the main erythema wave.

The production of erythema has long been used

as a basis for the biological standardization of

X-rays. The two most commonly used standards

are the Skin Erythema Dose and the Threshold

Erythema Dose. The former is defined as that

quantity of X-irradiation administered at 23 cm
focal-skin distance at 180 kv, 0.5 mm Zn + 3 MM
Al filter over a field of 6 x 8 cm which produces

reversible skin effects only. This conveys the idea

of the maximum dose which can be applied to the

skin in one exposure without producing irreversible

skin changes. This is thought to correspond to 800

r on the skin. The Threshold Erythema Dose is

that which produces an erythema of arbitrarily

defined intensity at a stated time—for example,

a dose in which 80 per cent of treated subjects de-

velop a faint erythema within two or three weeks

after exposure while no visible effect occurs in the

remaining 20 per cent. A Minimum Erythema

Dose has been defined as that dose of X-ray which

will produce a pink reaction with a sharply defined

complete circular edge on an area 1 cm in diameter

on the upper anterior normally curved portion of

the thigh. The minimum primary erythema dose

is 200 r in 50 per cent of the cases.

It is usually agreed that visual measurement of

X-ray skin reaction is hampered by many psycho-

logical and physical difficulties which render quan-

titative description precarious, if not impossible.

A reflectance technique for measuring skin reaction

has been proposed by Chu and co-workers.

According to Ellinger, erythema will be pro-

duced in a 6 by 8 cm field with 400 r of unfiltered

soft roentgen radiation, 525 r of medium radiation

and 600 r of hard radiation. Erythema has been

reported at a dose of 300 r at 100 kilovolts and

700 r at 200 kilovolts. However, differences in defi-

nition result in sevenfold range in the quantity

of radiation which is equivalent to the skin er}^-

thema dose. Variable factors include field sizes,

filters and backscatter.

Accumulated evidence suggests that erythema

production is connected with dilatation of the

capillaries primarily and that dilatation of the

arterioles is only secondary. Preceding the visible

changes in the skin capillaries functional change

occurs, consisting of increased permeability which

may become noticeable as early as fifteen minutes

after exposure. It is generally agreed that hista-

mine release plays some role in the early erythema.

There are proponents who believe that histamine

release may be the cause of the subsequent ery-

thema waves as well. The erythema dose for ex-

perimental animals is usually considered to be

about four times that of man.

Pigmentation, Pigmentation does not as a rule

develop after the initial erythema, but is associ-

ated with the more marked, second erythema.

Thus, it will usually appear around the twenty-

first day after exposure to a Skin Erythema Dose

(although it has been reported following one-tenth

of the dose). This increases in intensity as the

erythema disappears. Pigmentation may last from

weeks to months and years. Pigmentation is due

to increased pigment formation in basal cells of the

epidermis as well as in the chromatophores of the

dermis. The very long-lasting pigmentation is due

to the latter and considered to be a characteristic

feature of X-irradiated skin.

Epidermal Changes. The basal layer of the epi-

thelium is considered to be the most radiosensitive

part of the skin. It has been claimed that even

after 35 r, mitosis in the epidermis of the mouse

ear is markedly decreased. The first changes seen

after irradiation with doses up to several hundred

roentgens is temporary cessation of mitosis in the

lower layers of the epithelium. After 300 r to the

human skin, clumped chromosomes and some

atypical mitoses may be seen after two to eight

days. No cell division occurs until the end of the

third week when mitosis returns to normal.

With doses exceeding 600 r, the pathological

changes are due to combined action upon the epi-

dermal, dermal and vascular elements of the skin.

In the epithelium there occurs degeneration of

cells of the germinative layer, which becomes more

severe as the dose increases. The number of mi-

toses decreases after five to six days. During the

second and third week the cells seem shrunken.

The epidermis becomes reduced to two or three

layers beneath the cornified layer.

Following a single dose exceeding 1300 r, an

epidermolytic reaction may occur (either as radio-

epidermitis sicca or radioepidermitis exudativa).

This will also occur following sufficient multiple

doses of radiation depending on individual radio-

sensitivity. Epidermolysis usually commences be-

tween the twenty-third and twenty-sixth day. This

response has generally been accepted as a biologic

standard of skin reaction in protracted-fractionated

irradiation.

The basal cell layer may undergo complete cy-

tolysis. A period of mitotic activity sets in during

the fifth to eighth week. The regenerating epider-

mis may be thin and susceptible to mechanical and

other injuries. This friable epidermis may persist

for years. Hyperkeratosis and scaling may appear

as late phases.

Dermal Changes. Earhest changes in the dermis

are marked by an inflammatory reaction, migration

of leukocytes and lymphocytes, some destruction

of mast cells and edema. When the radiation effect

is sufficiently severe there may be deposition of

fibrin and necrosis of fibroblasts. The collagen

fibers, which at first are only swollen, later tend to

coalesce and more collagen deposits. Progressive

sclerosis, which is a late effect, is characterized by

hyalinization of collagen and loss of elastic fibers.

These changes, coupled with and perhaps in part

responsible for the long-persisting incomplete re-

generation of the epidermis, leave the skin highly
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susceptible to further injury. Giant fibroblasts may
be found many months later. Increase in collagen

may play a role in the apparent acceleration of

aging observed in animals which have survived

large doses of X-irradiation. A theory of aging

suggests that such accumulation may interfere

with the nutrition and oxygenation of cells. The
favorable effect of cortisone and thyroxine on ir-

radiation damage of the skin may in part be re-

lated to inhibition of these changes in the dermis.

Vascular Changes. The earliest changes in the

blood vessels are associated with the dilation which

causes early erythema. The skin arteries share in

the connective tissue changes observed in the

dermis. It is claimed that with doses up to 1200 r

the vascular changes are reversible but that with

higher doses, permanent damage to endothehum

and especially smooth muscle and elastic fibers re-

sults. The swollen or vacuolated endothelial cells

may form tufts extending into the lumen and

endothehal prohferation may be so marked as to

occlude the vessels. Some of the small vessels may
be closed by thrombi. Multinucleated endothehal

cells may persist for a long time. Some dilated

vessels may persist for years. Telangiectasia is a

prominent late feature.

Cutaneous Appendages. Hair. Epilation usu-

ally occurs following several hundred r of X- or

gamma rays. It is transient in the human if the

dose is not over 700 r and may be permanent

above that. Hair follicles of the scalp are generally

the most sensitive of all hair folhcles. Actively

growing hair appears more sensitive to irradiation.

After an epilating dose, the club hairs are not af-

fected but remain after anagen hairs have fallen

out.

Changes occur rapidly in the dividing matrix

cells. Normal growth pattern of hair is interrupted

and the hair enters a resting stage following radia-

tion. Cyclic changes are greatly accelerated. Within

a few days after irradiation cells of the lowermost

portions of the matrix degenerate. The internal

root sheath produced by this particular matrix can

no longer be formed. The matrix cells over the

upper portion of the papilla, which normally forms

the hair cortex, undergo partial degeneration. The
cells no longer show the orderly and gradual con-

version into keratin through the keratogenous zone

but instead keratin production is abruptly in-

hibited. The surviving matrix cells no longer dif-

ferentiate into keratin but proliferate to form an

epithelial column which gradually pushes the ar-

rested hair upward through the follicle. Hairs ar-

rested by radiation exhibit an attenuated tip. The
affected hairs are attached to the epithelial column

by imperfectly keratinized spindles. Such hairs

fall out very easily.

Following application of a temporary epihiting

dose of 350 to 1000 r to the scalp, hair formation

is arrested for two and one-half months. Essen-

tially, X-rays act as antikeratinizing agents.

Reversible epilation from ionizing radiation af-

fects growing hair primarilj^ in experimental ani-

mals. For example, in mice actively growing hair

is epilated with 300 r of X-ray. Hair in the process

of completing or with completed growth can be

epilated only with doses of 1000 r. The hair of

rabbits receiving 5600 r by the fractional method

grows again without apparent epilation. Only after

9600 r is epilation permanent. The hair that grows

again after moderate doses is often devoid of pig-

ment.
An epilation dose has been proposed as a bio-

logical unit of measurement of radiation damage.

However, because the degree of epilation is diffi-

cult to determine and because the variables which

affect it are numerous, the value of such measure-

ments has been questioned.

Sebaceous glands. The sebaceous glands are re-

puted to be the most radiosensitive structures in

the skin. The lethal dose according to Borak is

1200 r for a single exposure in comparison with

1600 r for the hair follicle, 2000 r for the epidermis

and 2500 r for sweat glands. Radiation doses pro-

ducing permanent epilation also destroy the seba-

ceous glands while those producing only tempo-

rary epilation permit survival of these structures.

Reduction in secretion begins five to six days fol-

lowing exposure. After one month few sebaceous

glands are seen. However, a w^hole-body-dose of

520 r in a single dose or 200 r weekly for six weeks

to rats does not cause altered sebaceous gland ac-

tivity as judged by examination of the surface fat

for cholesterol and lathosterol.

Sweat glands. The epithehum of the sweat

glands shows prominently vascular degeneration in

the first few days. At one month, the basement

membranes are thickened, the lumina of the glands

virtually disappear.

The dryness and tendency toward scaling of ir-

radiated skin is largely due to disturbed function

of the oil and sebaceous glands.

Nails. Continual exposure to radiation may re-

sult in nails which are brittle, distorted and

cracked.

Radiodermatitis. The more general picture lead-

ing to radiodermatitis is as follows: After single

exposure of the skin to doses of radiation exceed-

ing the Skin Erythema Dose by 20 per cent, more

serious lesions develop. The latent period for the

appearance of the main erythema is shortened.

The skin becomes highly colored and painful

bhsters appear (Radiodermatitis Bullosa). There

is marked degeneration of the epithelial elements.

When the Skin Erythema Dose is exceeded by

30 per cent, ulcerations may occur in about six to

eight weeks. Healing of these lesions may take

years and be accompanied by deforming cicatriza-

tion.

Late effects of radiodermatitis is characterized

by atrophy, leaving a thin, shiny skin hairless and

dry because of distruction of skin appendages,

often with scaly foci and patches of ulceration.

Much of the lesion is poorly vascularized. Else-

where dilation occurs and telangiectatic subcutane-

ous vessels show prominently beneath a smooth,

often translucent surface.

Hyper- and depigmented scars are frequently

seen. With chronic radiation, changes may occur in

the epidermal ridges: the epidermis thickens and

hyperkeratosis may dominate the picture. The skin

may show certain features of senile atrophy-. His-
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tologically, areas of atrophy with loss of rete pegs

may alternate with those of hypertrophy showing

marked acanthosis and hyperkeratosis. Changes

in the dermis consist of marked fibrosis and hya-

linization. There is advanced fibrosis of the ad-

ventitia and media of the arteries resulting in the

picture of endarteritis obliterans.

Cancer. Skin tumors from irradiation were first

observed in 1902 on the hands of persons who de-

veloped radiodermatitis. Actually, this organ is

more resistant to induction of neoplasms than most

internal organs. Single or repeated exposure to

X- or gamma radiation which are harmless to the

skin may cause neoplasms in internal organs. Car-

cinoma develops from either chronic radioderma-

titis or from persistant ulcers after a lapse of a

variable number of years. Statistics show that

cancerous changes may develop in 20 to 30 per

cent of the cases of chronic radiation dermatitis

after a latent period of seven to fifty years (aver-

age fifteen to thirty years) and with total dosages

as low as 1500 r. The more usual type is epidermoid

carcinoma but it may be of the basal cell type.

Epitheliomas may develop with equal frequency

from either keratosis or ulceration.

Radiation Fallout. In the matter of radiations

emitted from detonation of nuclear devices and

fallout, dermal necrosis is not the primaiy effect

of such exposure although it is commonly con-

sidered so. The whole process of radiodermatitis

is dependent upon epithelial damage. There is

first cessation of mitosis, disappearance of the

basal layer, then squamous metamorphosis with

acanthosis, dyskeratosis and parakeratosis. Ul-

ceration results with inability to heal incisions,

resist bacterial invasion or react to thermal burns.

However, the skin lesions from fallout are consid-

ered to be primarily due to beta radiation. Damage
to the skin does not result from the immediate
penetrating gamma radiation associated with det-

onation of nuclear devices since the dose of such

radiation which is necessary to damage the skin

results in the early deaths from damage to bone
marrow and deep organs.

The most energetic beta particles travel only

a short distance and are of concern for the skin

only when materials remain in contact with or in

very close proximity to this organ. If large enough
radiation doses are delivered by beta particles

the skin may first show erythema and then pro-

ceed to more serious damage. In observations upon
Marshall Islanders exposed to fallout none of these

effects were present except when radiation mate-

rial was in contact with the skin. No skin damage
was observed where there was a covering of even

a single layer of cotton clothing. The burns in-

cluded deep lesions (20 per cent), and superficial

lesions (70 per cent); 10 per cent had no lesions.

55 per cent of the individuals showed some degree

of epilation followed by regrowth of hair. How-
ever, during the same period of time thej^ also

received 175 r of gamma radiation.
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RADIOTHERAPY, ROTATORY CONFORMATION

Rotatory conformation radiotherapy can be re-

garded as an improved type of rotation radio-

therapy. The conventional rotation radiotherapy

makes a treated region like a condensed irradiated

area of cylinder. As the lesion is not always cy-

lindrical in shape, some parts of the nonpathologi-

cal tissues are included in this cylindrical treated

region and, as a result, it is irradiated not only

nonbcneficially but also harmfully for the patient.

For avoiding these undesirable irradiation features,

rotatory conformation radiotherapy is devised.

When the lesion takes the shape, not of a cylin-

der, but a rotation body, the radiation beam cross

section is made not usually rectangular, but S3'm-

metrically polygonal with regards to the central

radiation beam. This is termed "rotation body
radiotherapy."

When the lesion takes the shape, not of a rotation

body, but a deformed one, the radiation is made
not stationary during rotation of the radiation

source but smoothly changing in its shape. Thus
the deformed treated region is obtained. This is

termed "deformed body radiotherapy."

When in the irradiated area there are some

Fig. 1. Diagram of principle of rotatory confor-

mation radiotherapy.

A—Device for hollowed-out irradiation.

B—Device for deformed-body irradiation.

C—Device for rotation-body irradiation.

D—Treated region in deformed shape made by
rotatory conformation radiotherapy technique com-
bined with above three devices.
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undesirable parts, the hollowed-out radiation tech-

nique is used. For this, a block of lead is posi-

tioned at the radiation entry and is made to ro-

tate synchronously with the radiation source

around the patient.

When these devices are used in combination, it

becomes possible to conform the irradiated region

to the shape of the lesion situated in the body.

This is named generically the ''rotatory conforma-

tion radiotherapy" (Figs. 1 and 2).

Rotatory conformation radiotherapy is now ap-

plicable to a deformed treated region in any part

of the body (Figs. 3 and 4).

Sm

Fig. 2. Rotatory conformation radiotherapy in

action.

Fig. 3. Dose distribution in the cross section of

the head irradiated by rotatory conformation radio-

therapy.

E—Eye. H—Hypophysis.

Fig. 4. Isodose chart of Fig. 3.
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RADIUS RATIO CORRELATION OF ABO4 COMPOUND
STRUCTURES*

The term ABO* compounds is a general classifi-

cation. A and B are two elements (not necessarily

different) combined with oxygen. Examples would

include KMnO, , CaMo04 , GdAsO, , ZrSiO, and

TiTiOi (=Ti02). These may be grouped according

to the valences of A and B as I-VII. ll-\l, III-V

and IV-IV compounds.
The prediction of structures and compound for-

mation has been the subject of thought and in-

vestigation for some time. A good knowledge of

The subject is the best foundation for making
structural predictions.

A graphical representation of the thita gives a

large quantity of information in a manner that is

readily grasped. One such approach has been used

l)y Roth,' Keith and Roy,- and Wood^ with ABO3
^ype compounds. The ionic radius of A is plotted

against the ionic radius of B for the.se materials.

The structure of each compound, if known, is

plotted at the appropriate intersection. The vari-

ous structures fall into fairly definite regions. This

illustrates the usefulness of the concept of ionic

radius in correlating structures. Furthermore, if

the structure of any particular ABO3 compound of

this type were not known, it could be predicted

* From a paper entitled "Correlating ABO4 Com-
pound Structures," J. Cheyn. Education 39, 566

(1962) ; by permission.
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using this graphical correlation and the radii of

the A and B ions.

This technique is most effective when it is

limited to given valence types such as the II-IV

ABO3 . A different type of diagram is obtained for

the III-III type compounds. The perovskite struc-

ture is found in both diagrams in similar but not

identical regions. There are other structures which

are found in only one of the diagrams. In extend-

ing this approach to other stoichiometries such as

ABO4 it may be necessary to differentiate further

than valence types by separating ions into transi-

tion or nontransition metals.

Figure 1 shows a plot of Ahrens* ionic radius

of A versus the ionic radius of B for ABO4 com-
pounds in general. A and B are chosen such that

the valence of A is always less than or equal to B.

The structures of 154 compounds were found in a

literature search. These structures are indicated at

the intersections of the respective radii on 16 plots

which were obtained bv classification according to

valence types I-VII, II-VI, III-V, IV-IV with still

further subdivision down to transition metals sucli

^ STRUCTURES OF AB04 COMPOUNDS

Csl04

O.TO
ionic rottiut of B

Fig. 1.

as III(A)-V(A), III(A)-V(B), III(B)-V(A) or

III(B)-V(B). (A) and (B) in these subdivisions

refer to nontransition (A) and transition (B) metals

respectiveb^ and are not to be confused with the

general expressions for cations A and B used in

the designation ABO4 compounds. To reproduce

each structure, a sheet of tracing paper was laid

over each chart, and then the compounds corre-

sponding to that structure were drawn. Further-

more, compounds with different structures and

adjacent to the desired one were also marked to

estabhsh boundaries. These tracings were then

superimposed on one master chart. Boundary lines

were then arbitrarily drawn to enclose only one

structure type in an area and as far as possible to

have only one area for each structure. This figure

gives the proper structures for more than 90 per

cent of the compounds whose reported structures

were found in the literature search. No solid solu-

tion studies have been made as yet to substantiate

the boundaries—those were drawn solely to get the

best fit of the data.

The dashed lines extending from the lower part

of the CaFo area and the ZrO^ area indicate a sug-

gested boundary between extensions of the CaFo

and Sn02 structures. Dashed lines around the

MgWOi area and part of the CaUOi area indicate

areas of overlap, with SbTaO, and SnO- structures

in the first case and CaFo in the latter case. The
shading on the upper right and lower right side of

the figure indicate areas in which no radii inter-

sections, and therefore no compounds, exist.

There are several reasons why a high percentage

of compounds fit on a single chart, and some rea-

sons wh}^ not all of the compounds will fit on it.

One reason for the lack of fit on a single chart is

that the range of radii covered by the different

valence types is not the same. The I-VH group,

for example, appears at the top of the chart and

has no representatives in the lower third or right

half. The IV-IV group is found extensively in the

middle to the right side and has no representatives

in the upper third. The net result is that a complete

superposition of all valence types is not obtained

over the entire chart, but rather a partial super-

position over certain areas. It is in these areas of

superposition of valence types that the exceptions

to the structural correlation are found.

A reason why a high percentage will fit on a

single chart is that some structures seem to be

found over a range of valence types. For example

the scheeHte or CaW04 structure is found in all

four valence types. The rutile structure (designated

SnOo on the chart) is found in the III-V as well as

the IV-IV type. The BaSO* structure is found in

the I-VII and II-VI types.

The anion type seems to determine the structure

in several structure types such as VCrOi , CaWO^
and CePOi . The radii of the B ions are sufficiently

different to give a separation on these plots and

thus yield areas elongated along the vertical axis.

The radii of the A ions can vary relatively widely

without changing the structure. This is due to the

large relative size and stability of the BO4"" ion,

as opposed to the existence of independent B and

O ions. Thus the type of structure also depends on
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compound formation or solid solution of two mixed

oxides, neither of which forms an anion in the

presence of the other. The 45° line in the figure,

represents the region in which the radii of A and B
are equal. It can be seen that this hne passes

through the regions where random replacement of

A and B takes place. The high symmetry of rutile,

or fluorite, can be obtained for ABO* compounds

only if A and B are equivalent in the lattice.

The observed structures for a given stoichiometry

apparently depend on the magnitude of the radii

and their ratio, the valence types, the coordination

number of B and filling of the d and / shells. Since

all of these variables come into play there are some

general exceptions to the chart. For this reason the

form is not final but will be subject to revision as

more structures are studied. Furthermore it will

become more apparent that a single chart will not

suffice to show the structures for all valence types.

The distribution within some of these areas will

be described to indicate the manner in which they

are filled. The VCr04 area has six compounds

ahgned along the vertical axis. The area for the

scheehte or CaWOi structure includes 16 com-

pounds primarily in the central area. Several ex-

ceptions to the over-all plot He toward the lower

left corner of the figure, and solid solution studies

for the exceptions would not be expected to show

the other structures on the over-all diagram for

ABOi compounds.
The upper area for the zircon (ZrSiOi) structure

includes 13 compounds. The large zircon area to

the lower right of the over-all diagram was tenta-

tively labeled on the basis of only one reported

structure (BTaOi). The upper area is broken up by

the area occupied by the VCrO^ structure. How-
ever, it would not be surprising to observe zircon

soHd solutions with this structure between com-

pounds on both sides of the VCrO* area over all

compositions.

The area for the rutile structure includes 20

compounds. Not all of these are true rutile struc-

tures since a certain amount of distortion has been

reported for them. It is interesting to note that if

we can assume random placement of the A and B
ions, even though the rutile lattice is distorted, we
have some insight into the limits for isomorphous

replacement. The discrepancy in size and charge

is shown from the identification of the ions and

the area involved.

The cation to anion radius ratio given for the

Hmit between the rutile and fluorite structures in

AXo compounds on geometric grounds is 0.73. It

can be seen that the rutile type structure extends

up to NbOs where the ratio is 0.53. ZrOi> and HfOo

,

which have ratios (0.57 and 0.56) that He within the

Hmit for the rutile type, have monoclinic lattices

at room temperature. The structure reported for

Zr02 seems to have features of both the rutile

and the fluorite lattice.^ Although ZrOs reportedly

has a fluorite lattice, some impurity must be pres-

ent to produce this.

The area of the fluorite lattice includes 16 com-

pounds. Except for the cases in which A and B
are identical, these are usually soHd solutions with

a fluorite lattice. This also gives some insight into

the requirements for isomorphous replacement in

terms of size and valence differences. Further work

needs to be done to determine some of the.se limits

precisely. Frequently 15 per cent differences in

ionic radii are used.

Considerations must be given to the type of

anion that is formed. The electronegativity of B
decreases toward the right side of the plot, and

that of A decreases toward the lower part of the

chart, therefore the most covalent compounds

would be found at the lower right corner and the

most ionic at the upper left. The tendency to form

stable polyatomic anions would increase toward

the right side also, especially for B atoms with high

charge.

In summary, the chart here provided may be

used to assist in general correlation of structures

and even to predict structures of some compounds

for which structure information is lacking. How-
ever the chart must be used with caution. A sys-

tematic study of these compounds may show still

other structures which are not presently given here.

This type of chart is also useful for the correla-

tion of other properties, as Roth^ has shown. Cer-

tain electric properties of the ABO3 compounds

studied are dependent on the structure. If a given

property is dependent of the structure and can be

associated with a given area, then this type of plot

may be used as a general and powerful tool for

correlating a large number of structure dependent

properties.

If one accepts the general validity of this ap-

proach, then conclusions maj' be reached in certain

controversies. The compound VCrOi may also be

written CrV04 . The only difference Hes in the

valences of Cr(+ 6 or + 3) and V(+ 2 or + 5)

respectively and thus the tj'pe of anion associated

with it: either chromate or vanadate. On the basis

of the reported structure it clearly seems to belong

with the chromates and thus should be written

VCrOi rather than CrV04

.
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RARE EARTHS: X-RAY SPECTROMETRY

Nowhere does X-ray spectrography appear to

have more potential as an analytical aid than in

the rapidly expanding field of rare-earth research

and technology. Because of almost identical chemi-
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cal and physical properties, separation and deter-

mination of individual rare-earth elements by clas-

sical chemical analytical techniques is not generally

feasible. Spectral analysis techniques such as X-ray

emission, optical emission, and ultraviolet absorp-

tion are the only practical methods generally ap-

plicable to the analysis of all the rare-earth ele-

ments. X-ray emission spectrography offers certain

advantages over the other methods because of the

relatively simple characteristic X-ray spectra, sim-

plicity and rapidity of analysis, digital data collec-

tion, and the direct relation of line intensity to

concentration. These advantages, as well as certain

limitations, have been well summarized by Dunn,^

Fassel,'* and Vickery.^-

From a tabulation of emission wavelengths,^'
^'*

the X-ray emission lines for the rare-earth ele-

ments can be placed in three groups: K series, 0.20

to 0.38A; L series, 1.18 to 2.5A; and M series, 6.5

to 14.5A. Most of the analytical work has been

done with the L spectra, because the intensities

of the M spectra are much lower and more difficult

to measure, and the K spectra are not efficiently

excited with commercially available 60-kv power

supplies. The K spectra would be efficiently ex-

cited with 100 kv, but with presently available in-

strumentation, the L spectra is still more favorable.

Various combinations of analyzing crystals and de-

tection systems'- *'^ have been used to resolve the

L spectra of the rare earths.

In qualitative work, major, minor, and trace con-

stituents of a rare-eartli mixture can be identified

easily by automatic scanning and recording of the

rare-earth spectrum. The origin of each line ap-

pearing in the spectrum can be established using

tables^" that relate element and line wavelengths

to Bragg angle for various analyzing crystals.

Direct quantitative analysis of rare-earth ele-

ments occurring in natural minerals is extremely

difficult. Clark- and Salmon and Blackledge" sug-

gested the use of X-ray emission for this type of

analysis, but did not estabhsh whether accurate

analysis of the rare earths could be achieved. Dunn^
used chromium as an internal standard to obtain

reasonably accurate analyses of major rare-earth

constituents, and Heidel and FasseF were able to

analyze yttrium accurately in solutions, using

strontium as an internal standard. However, to

analyze the whole group of rare-earth elements in

minerals, a chemical separation first must be per-

formed.

Even after separation of the rare-earth group of

elements, accurate analysis is hampered by exten-

sive spectral line interference, selective absorption,

and preferential enhancement of the individual

rare-earth spectra. Two requirements of a suitable

analytical line are sufficient intensity and freedom

from interferences. These criteria are completely

fulfilled only for La, Ce, Pr, Nd, Sm, Y and Th.

For the remaining rare-earth elements, at least one

interference exists for each line, and analytical

lines must be chosen according to the approximate

composition of the sample. Table 1 lists the pos-

sible spectral lines and interferences for a mixture

of all of the rare-earth oxides.

Analysis is accomplished by comparing the in-

tensity/a of a characteristic line of rare-earth ele-

ment, A, in an unknown with the intensity /. of

the same line in suitable standards, or by com-

paring the intensity ratio h/h ,
where h is an m-

ternal standard line, to the intensity ratio L/h oi

suitable standards. The variation of h or h/h with

the concentration of A usually depends markedly

upon other elements present and cannot be calcu-

lated easily for widely varying mixtures of more

than three or four components. A fusion technique

to eliminate matrix effects, such as suggested by

Claisse^ in the analysis of minerals, might be ap-

plicable. However, the loss of sensitivity due to

high ratios of flux to sample would preclude the

analysis of any components present at less than

about one per cent. A practical method of cor-

recting for matrix effects is the preparation of a

large number of standard mixtures simulating those

being analyzed. The closer these standard mixtures

approximate the actual composition of the sample,

the better the analysis will be. Lytle and co-

workers'' * have used this technique successfully m
analyzing concentrates and separation fractions ob-

tained from bastnasite and euxenite ores. They re-

l)orted an average error of about 3 per cent in the

5- to 100-per cent range and 7 per cent in the 0.2-

to 5-per cent range. The increased error in the lat-

ter range was attributed to the difficulty in deter-

mining a weak line above background rather than

in matrix correction. A disadvantage of the tech-

nique is the length of time required to prepare

many sets of standard samples and the need for

rccaiibration after any change in instrumentation;

but this is offset by the speed and accuracy attained

in analyzing large numbers of samples. Either so-

lutions of the rare earths or rare-earth oxides can

be analyzed by this procedure ; however, the tech-

nique generally is less sensitive with solutions than

with oxides.

When rare earths are determined as impurities m
other highly purified rare-earth oxides, the inter-

element effects are not significant, because the

matrix remains constant. However, it is essential

to make precise background corrections, and to

select analytical lines of the rare-earth impurity

elements that are resolved adequately from lines

of the major rare-earth matrix. When trace con-

stituents are being analyzed, the principal limita-

tion is determining the contribution of the weak

spectral line above background where most of the

signal is background. To achieve suitable counting

statistics for impurities in 0.01- to 0.05-concentra-

tion range, a counting time of 1 to 10 minutes is

required.'' For some of the rare-earth elements

having the longer wavelength L-lines, the counting

time can be reduced by a factor of about 2 to 4

by using a helium atmosphere path. Lytle and

Head3^^ have measured the precision of determin-

ing rare-earth impurities in yttrium, cerium, prase-

odymium, neodymium and samarium matrices. The

observed precision at the 95-per cent confidence

limit varied from ±2 to 11 per cent in the concen-

tration range of 0.2 to 1 per cent impurity, from

±8 to 21 per cent in the 0.05 to 0.2 per cent range,
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Table 1. Analytical X-ray Emission Lines of the Rare Earths.

Element Spectral line Order
2 e angle lithium
fluoride crystal

Possible interferences

(rare earths only)''

Y Ka 1 23.82 None

La Lai 1 82.85 None

Ce Lai 1 78.96 None

Pr L^i 1 68.23 Th L/33-3

Nd L^i

Lai

1

1

65.06

72.08

Dy L/3i

Ce L^i , Th L/3..-2, Th L/34 2

Sm L/3i 1 59.84 None

Eu L^i

L^i

1

2

56.94

144.85

Dy Lai , Th Lai-2

None

Gd L/3i

Lai

1

1

54.59

61.05

Ho Lai
Nd L/3o

, Ce L71

Tb Lai
L^i

1

2

58.76

123.85

Pr L71 , Sm L^3
,
Sm L/3i

Er Lai-2

Dy L^i 2 116.22 None

Ho Lai
L^i

1

2

54.52

109.73

Lu Lt, Gd L|3i

Eu L71-2

Er 1

1

44.16

46.42

Th L/33-2, Tm L/33 ,
Yb L/34 , Tm L0,

Th L/3.2-2, Gd L71 ,
Lu Lai ,

Ho L/S.

Tb L71

Tm Lti
L^i

1

2

38.14

98.87

Th L71-2

Tb L71-2

Yb
Lai

1

2

42.26

112.24

Lu L/34 , Tm L/3o
,
Dy L71

Y Ka-4, Dy L/33

Lu Lti
L^i

1

2

35.32

89.99

None
Ho L71-2, Yb L^o-2, Th Lai-3

Th Lai 1 27.46 None

-2 and -3 after spectral line, indicate second and third order, respectively.

and from ±50 to 140 per cent in the 0.01 to 0.05

per cent range.

In summary, X-ray spectrometry of the rare

earths has been outlined and its major advantages

and disadvantages discussed. Recent apphcations

have been cited to emphasize the versatiUty and

growing importance of this relatively new analyti-

cal procedure. As development of instrumentation

and analytical techniques continues. X-ray spec-

trometry can be expected to improve and, accord-

ingly, to be used more extensively for analyzing

the rare earths.
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REACTIONS, RADIATION-INDUCED, OF CARBON DIOXIDE

WITH ORGANIC COMPOUNDS

Radiation Stability of Carbon Dioxide. The

pioneering work of Lincl and BardwelP' " in 1925

and that of Hirschfelder and Taylor' in 1938 es-

tabhshed the stabihtj' of carbon dioxide to ionizing

radiation. This stabihty has been confirmed by the

more recent work of Harteck and Dondes^' '" and

Steinberg.'' However, the dynamic nature of its ap-

parent inertness is demonstrated by Harteck and

Dondes when they showed that in the presence of

small amounts of nitrogen dioxide the G value

(radiation yield in terms of molecules reacted per

100 ev absorbed) for

2 CO. ^ 2 CO + 0.

is about 10. This implies that chemical reaction

with other compounds is possible with ionizing

radiation. Harteck and Dondes postulated a free

radical back reaction in which the carbon monox-

ide is oxidized to carbon dioxide. This and other

possible mechanisms are discussed in Lind's recent

review." Since the mechanisms shed no light on the

actual course of reactions of carbon dioxide with

organic compounds, the}^ will not be considered in

detail.

Radiation-Induced Reactions of Carbon Di-

oxide With Nonpolynierizable Compounds. In

the absence of ionizing radiation, carbon dioxide

combines with organic compounds that are char-

acteristically nucleophilic reagents. Grignard re-

agents, metal alkyls, sodium phenolates, alcohol-

ates and mercaptides are examples. The result is

a carboxylate salt formed as if by insertion of the

elements of carbon dioxide with the formation of

a new carbon-carbon bond.

RY + CO.o -^ RCO2Y

Under ionizing radiation, carbon dioxide com-
bines with a more diverse group of compounds.
Carboxylation at carbon-hj'drogen bonds has been
observed.

-C—H + CO2
1

'^ —C—COoH

Side reactions may contribute small yields of es-

ters, ketones and alcohols. The scope of the reac-

tion has not been defined and the mechanism re-

mains to be elucidated. The G values (molecules

formed per 100 ev absorbed) are consistently

around 1.0 or less. Clearlj^, carboxylation is not a

chain reaction. The probable intermediate forma-
tion of

(being resonance stabihzed, low-energy species)

may partially account for this. Additionally, car-

bon dioxide is beheved to possess a comparatively

high resonance energy-; values of 33 and 38 kcal

per mole have been suggested.'- ^ It is well-known

that resonance stabihzed systems exhibit low de-

grees of reactivity under irradiation. The relative

importance of these and other factors remains to

be determined. However, several generalizations

regarding radiation-induced carboxylation may
tentatively be made.

a) Aliphatic positions are carboxylated more

easily than are aromatic positions. McKusick et

al.^ found that the irradiation of a mixture of car-

bon dioxide and toluene, with 2-mev electrons,

yields phenylacetic acid.

C6H5CH3 + COo -—> CeHsCH.COoH

Methylbenzoic acids were not detected. Addition-

ally, these investigators observed that, while cyclo-

hexane and cyclohexene were carboxylated under

these conditions, benzene was not carboxylated in

detectable amounts.

b) Carboxylation apparently occurs preferen-

tially at points of greater free radical reactivity.

The radiation-induced carboxylation of ethanol

yields lactic acid:^'
"

CHaCHoOH + CO: ^-^ CH3CHOH

COoH

Correspondingly ethylamine carboxylates to

CH3CH0NH. + COo. -v^ CH3CHNH2
I

CO2H

to yield a-alanine.^ It would appear in each case

that the statistically greater chance for reaction at

the /3-carbon atom is offset by a reactivity at the a-

carbon atom reminiscent of that in conventional

free radical chemistr3\ However, as stated pre-

viously, carboxylation mechanisms are not under-

stood.

c) There are alternatives to carbon dioxide for ra-

diation-induced carboxylations. Scholes^° has used

dilute (0.003 m) aqueous sodium bicarbonate solu-

tions as well as aqueous sj^stems under carbon di-

oxide pressure (0.5 atm). In the carboxylation of

aqueous ethanol to lactic acid, G values (molecules

formed per 100 ev absorbed) ranged from 1 in the

presence of carbon dioxide to 2 with sodium bicar-

bonate.

Formic acid as a carboxylating agent is cited in

a patent to Hoover^^ and in the paper by McKusick
and co-w^orkers. The latter found that formic acid,

unlike carbon dioxide, carboxjdated benzene to a

degree that their methods could detect. They sug-

gested that a mechanistic difference between the

reactions of carbon dioxide and those of formic

acid was indicated.

The irradiation of aqueous formic acid was
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found by Frick et aU^ to yield carbon dioxide and

hydrogen. Formaldehyde and oxalic acid were also

observed in a re-examination of this system by
Garrison and co-workers .^'^ Essentially the reverse

reaction, the radiation-induced "carboxylation of

water" to yield formic acid, has been studied by
Garrison"' ^' and Getoff.^°

Hoover's patent states that formic acid will not

carboxylate at carbonyl carbon atoms. However,

Dose and Ettre carboxylated the carbonyl carbon

atom in acetaldehyde by radiation using aqueous

sodium bicarbonate.^'

CH3CHO + NaHC03 aq -w_^ CH3COCO2H

d) Additional miscellaneous examples of radia-

tion-induced carboxylation include the reaction of

carbon dioxide with cyclohexane,^^ with propane

and with cyclopentane,^** with pyridine"" and with

methane." Scholes has also carboxylated methanol

(to obtain glycohc acid), acetic acid (to obtain

malonic acid) and methane (to yield acetic acid)

with aqueous solutions of carbon dioxide or sodium
bicarbonate .^°

Mention should be made of the much earher

spark discharge studies. It is probable that car-

boxylation accompanied most or all of these proc-

esses but the reports were largely indefinite. The
interested reader will find references throughout

the survey work of Glocker and Lind.^^

The Radiation-Induced Reaction of Carbon
Dioxide With Ethylene. In contrast to the several

publications cited above reporting reactions of car-

iDon dioxide with nonpolymerizable compounds,
combinations involving polymerizable compounds
have not been studied widely. The only reported

investigation involves the carbon dioxide-ethylene

system."^

The X-ray irradiation of mixtures of carbon di-

oxide and ethylene yields long-chain carboxylic

acids. The mechanism has not been determined.

These acids may arise by the combination of car-

bon dioxide with a growing chain to yield a res-

onance stabilized radical that is not sufficiently

energetic to react by further chain growth. But
this equation does not tell the whole story. The
necessity of radiation was demonstrated

CH2CH0. -f CO^ CH2CH2C

-CH2CH2C'

o

o

experimentally by the substitution of free radical

initiators (di-ier^-butyl peroxide, 2,2'-azobi.s[2-

methylpropionitrile] ) for radiation. The resulting

products were determined by infrared spectra and
by carbon, hydrogen anah'ses to be only poly-

ethylene. The radiation yield, G (molecules of

ethylene reacting per 100 ev of energy absorbed),

increasing with rising temperatures but carbon di-

oxide incorporation declined. The G ^alues ranged

from essentially zero at -78 C to 175 at 100 C. At
200 C, the G value was 310 but carbon dioxide in-

corporation was negligible.

The products were white, waxy solids melting at

temperatures between 50 and 90 C. Infrared spec-

tra indicated a linear carbon chain possessing points

of unsaturation, crystalline poh'eth3'lene structure

and carboxjd groups. The failure of the products to

react detectably (by infrared) with 2,4-dinitro-

phenyl-h3^drazine indicated the effective absence of

aldehydes or ketones. The sodium salt was pre-

pared bj' shaking a benzene solution of the carbon
dioxide-ethylene reaction product with 10 per cent

aqueous sodium hydroxide. The resulting emulsion
did not break in 72 hours.
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REACTOR FUEL ELEMENT LOADING DETERMINATION BY

GAMMA MONITORING

The problem of determining the homogeneity

and total loading of U^ in reactor fuel elements

can be approached by several non-destructive

methods: X-ray transmission, beta spectroscopy,

X-ray fluorescence, and gamma-ray spectroscopy.

Because of the location of X-ray absorption edges.

X-ray transmission is of little value for some com-

binations of reactor materials. Beta-excited matter

emits spectra which can be used for material anal-

ysis, but requires strong beta-emitting sources.

X-ray fluorescence requires complex equipment,

and anah'sis times are relatively long in many
cases. Using the gamma emi.ssions which accom-

Table 1

Energy o f gamma

U234 U235 U236 U238 Th23l Pa234

Emission in kev 53 94 50 50 22 394

93 143 60 817

113 184
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Fig. 1. Gamma spectrum of U-235.

Table 2. Comparison of Inorganic Phosphors-

Phosphor
Spectral
Emission

Effi-

ciency
Den-
sity

Hy-
gro-

Decay Time
Sec

Max. % g/cc scopic

Nal (Tl) 4100A 8% 3.67 Yes 2.5 X 10-'

KI (Tl) 4100A 2%. 3.13 No 10-

«

Lil (Tl) Approx.
4600A

1% 4.06 Yes 10-

«

Csl (Tl) White 6%, 4.50 No 10-

«

CsF Approx.
3900A

0.3% 3.59 Yes 5 X 10-9

Table 3. Comparison of Organic Phosphors.

„, ,

Spectral Decay Time Efficiency
Phosphor Emission ({„„ cr

Max. ^^^-
'^

Anthracene
Naphthalene
Stilbene

Quaterphenyl

4450A 2.7 X lO'^ 4%
3450A 8.7 X 10-^ 1%
4100A 7 X 10-^ 2.4%
4400A 4 X 10-^ 3.3%

pany the decay of uranium is a rapid and accurate

method of determining the load of Uranium"^ in

reactor fuel elements.

The gamma emissions accompanying the decay

of uranium and its daughter products are shown in

Table 1.

Figure 1 is the gamma spectrum of U"^. By a

comparison of Table 1 and Figure 1 it is seen that

a means of measuring the 184 kev and 143 kev

emission rate from U^ without interference from

the lower energy (below approximately 125 kev),

would provide an indication of the U"^ concentra-

tion. The exception to this is the emi.ssion from

Pa"''* which amounts to a negUgible percentage of

the 184 kev emission rate.

The instrumentation necessary for performing

this measurement may be grouped into the major

headings: scintillators, multiplier phototubes, am-

plifiers, pulse height analyzers, scalers, rate meters,

and recorders. Excellent commercial equipment is

available in each heading, and consideration of the

characteristics of each component based upon the

apphcation will result in optimum performance.

Scintillators. The basic functions of the scintil-

lating material in a gamma monitoring system are:

(a) to absorb the incident radiation and (b) to

convert this absorbed radiation into luminescent

photons with as high an efficiency as possible. The

scintillating materials are divided into Inorganic

Phosphors and Organic Phosphors, according to

their base constituents. Table 2 compares the com-

mon inorganic phosphors, and Table 3 compares

the organic phosphor materials. The nonhygro-

scopic nature of the cesium iodide, anthracene, and

quaterphenyl make these materials easier to handle

than sodium iodide. However, sodium iodide com-

bines good efficiency with a relatively good decay

time and is therefore in wide use for most apphca-

tions.

Photomultipliers. The photomultipher tube is

used to detect the scintillations of the phosphor

material and convert the light output into an elec-

trical signal which can be measured. Two types of

photomultiphers are used for gamma monitoring;

the circular electrostatically focused tube, and the

longitudinal unfocused tube.

The circular electrostatically focused tj'pe is in

wide use in the United States for scintillation

counting. The collection efficiency of this type of

tube is sensitive to ahgnment and focusing, and a

small magnetic field can cause appreciable deflec-

tion of the photoelectrons. A /t-metal shield is used

to render the tube insensitive to these magnetic

fields. The longitudinal type of tube, used exten-

sively in Europe, is not as sensitive as the circular
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type, but may be operated in magnetic fields with

proper screening.

Cesium-antimony is one of the most satisfactorj^

photocathode materials in present use. This ma-
terial combines high photoelectric and secondary

emission factors with a low thermionic emission.

Values of photoelectric efficiency as high as 0.25

electrons/photon, and of thermionic emission as

low as 1000 electrons/cmVsec at 30°C are reported.

This corresponds to a dark current of 1.6 X lO"^*^

amps/cm^ for the cesium-antimony type surface.

Table 4 compares several photomultiplier tubes.

These phototubes are similar in size, and all

could be used with a 1-in. diameter crystal. The
6199 tube with a S-4 response matches the spectral

emission of sodium iodide quite closely. It has a

sensitivity almost equal to the 5819 tube but has

the advantages of a flat photocathode end-face,

and a size closely matched to a 1-in. diameter so-

dium iodide crystal.

Amplification and Analysis. In order to provide

optimum amplification for a counting sj^stem, it is

necessary to use a preamplifier and linear amplifier

between the detector and pulse sorter. The use of

a preamplifier permits the remote positioning of

the amplifier since the short shielded lead from
the detector to the preamplifier minimizes noise

pickup. There are several commercially available

linear preamplifier and amplifier combinations
which can be employed for gamma monitoring.

The method of measuring the amplitude of the

amplified pulses arising from the scintillations of

the cr3^stal detector, called ''pulse-height analysis,"

is a means of determining the energy spectrum of

the incident radiation. Since the intensity of light

in a scintillation is in proportion to the energy of

the ionizing radiation photon, and the output of

the photomultiplier tube is in proportion to the in-

tensity of the light photons emitted by the scin-

tillator, the amplified output of the photomultiplier

tube can be correlated with the energy of the in-

cident radiation.

The pulse-height analyzer has controls with
which the threshold value of pulses which will be
passed by the analyzer can be set. All pulses below
the value determined by the threshold setting will

be rejected by the instrument. Any input pulse

whose maximum amplitude falls above this thresh-

old setting will be transmitted to the output. Thus,

the unwanted low energy gamma emission from
the uranium daughter products can be rejected, and
only the emission from U'^° used for the gamma
monitoring.

Presentation. The number of pulses, or events,

which are passed by the pulse sorter must be
counted or evaluated in some manner for presen-

tation in an easily interpreted form. This can be
accomplished in several ways: (a) the output of

the photomultiplier can be amplified and recorded

directly, (b) the pulses passed by the analyzer can

feed into a rate meter and recorder to give a con-

tinuous record of the rate at which pulses are

passed per unit time b}'- the anah'zer, and (c) the

pulses passed by the anatyzer can also feed a scaler

and printer. This arrangement would count the

pulses for a predetermined period of time, and print

Table 4. Comparison of Multi-
plier Phototubes.

Photo-
cath-

Tube
Type

Response and
Max

Cathode
Diameter

Sensitivity at

Maximum
ua/uw

ode
Sensi-
tivity

ua/
Lumen

5819 S-4 4000A Vi in. 23,200 40-50

6292 S-9 4600A V-i in. Not
Available

40-80

6342 S-11 4400A 1^16 in- 6,000 40-60

6199 S-4 4000A 1,U in. 22,300
*(14 stage)

20-40

6810-A S-11 4400A l^He in. 600,000 40-60

6655-A S-11 4400A 11
11 6 in. 40,000 40-55

out the number of pulses received during that

period on a tape or chart. Many commercial elec-

trometers, rate meters, recorders, scalers and digital

printers are completely satisfactory for this pur-

pose.

Summary, In utilizing the gamma spectrum of

U"^^ for the determination of reactor fuel element
loading, it is, of course, necessaiy to correlate the

intensity of gamma emission with the concentra-

tion of U^^^ in the element. This can be accom-
plished by the chemical anah'sis of elements on
which a large amount of data has been accumu-
lated. These elements should cover a sufficiently

wide range of U"^^ concentration to extend be>'ond

the variations in loading normally encountered in

the reactor elements.

It is also necessary to decide on the way in which

the element will be evaluated. The element can be

continuously monitored as it traverses the radia-

tion detector, or a program can be arranged which

will allow a fixed number of positions on the ele-

ment to be measured either in sequences or simul-

taneously by using multiple detectors. Whichever
method is employed, it is necessary to index the

detector with respect to the fuel element to cor-

relate values of U"'^ load with a specific area of the

element if it is desired to know the orientation of

uneven loading. If, however, any loading value out-

side of specifications will be used to summarily re-

ject the element, then it is only necessary to iden-

tify the element with improper load without regard

to the position of that load in the element.

One method of evaluation which appears prom-
ising is to use two crystal scintillatoi-s and multi-

plier tubes to detect the gamma radiation emanat-
ing from the element. These scintillators would be

l)laced on opposite sides of the reactor element to

nullify signal changes due to slight irregularities

in sample position. Both multijiliers would feed

their signals to a single anijilifior, pul.<c-height

analyzer and EPUT meter. Figme 2 illustrates such

a system.

For the measurement of the rate at which the

pulses are passed by the pulse-height analyzer, the

EPUT meter and printer are replaced by a rate

meter and strip-chart recorder. This method is es-
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Fig. 2. Block diagram of gamma monitoring system.
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Fig. 3. Fuel element load determination.

pecially useful if the fuel element is continuously

monitored over its entire area instead of being in-

dexed for evaluation at different positions on the

element.

The output of the two photomultipliers fed di-

rectly to an electrometer and recorder on a strip

chart also gives some indication of the rate at

which the scintillation pulses are received by the

photomultipler tubes. This method of presentation,

however, does not discriminate against the pulses

arising from the daughter products of U^'^. CaH-
bration by using standard uranium-loaded fuel

elements could reduce this effect to a negligible

amount. Figure 3 is a typical curve illustrating the

instrument counting rate with respect to U''^ load

in fuel elements. Pulse-height discrimination was

set at 130 kev gamma to achieve this result.
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RECIPROCAL LATTICE. See Imperfect Crystals; Moving

Film Diffraction Methods; Parameters of Crystal Lat-

tices I; Rotating and Oscillating Methods.

RECIPROCAL LATTICE IN FIBER AND SINGLE-CRYSTAL

ANALYSIS

Fiber patterns are essentially the same as single

-

crystal rotation patterns. To enable indexing of

the diffraction spots in single-crystal rotation

patterns, the oscillation technique can be used.

This technique oscillates the crystal for a series of

l)at terns where the oscillation for each pattern is

restricted to a relatively small portion of the com-

plete rotation. However, with fiber patterns it is

not possible to get this information through a sim-

ilar procedure, and it was necessp.ry to devise some

other method to arrive at this same information. A
completely graphical method emploj^ing the re-

ciprocal lattice concept and requiring only a single

pattern was found to yield this information.

Why Use the Reciprocal Lattice? Man has

not yet devised a scale with which he can measure

directly the dimensions involved in interatomic

spacing; i.e., angstrom units (A). However, if we

use the reciprocal distance of a very small dimen-

sion, we obtain distances which can be measured

directly by the scales now available. The recipro-

cal lattice concept and the mathematical deriva-

tions necessary to use it can be found in Appendix

15 of Elements of X-ray Diffraction by CuUity. The

three-dimensional model given on page 499 is

especially deserving of study. With this model in

mind the mathematical treatment can be given

briefly in a very simple menner as follows

:

Derivation of Equation for Reciprocal Lat-

tice

1. We can describe a family of planes through,

a) direction: by normals to planes

b) interplaner distance: by reciprocal of in-

terplanar distance

Then we obtain a reciprocal lattice turned 90°

to the original lattice.

Question is : Can we derive a mathematical ex-

pression to satisfy this definition

2. Flat film situation

tan 26 = e/R
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For Bragg's Law

nX = 2d sin = 2d sin

[/dist. from undiff. to diff. beam\
l/2tan-i

I

\ sample to mm dist. /J

3. Enclose Fig. lb with an imaginary sphere tan-

gent to film—Fig. 2.

X = diffraction on film (line or spot)

x' = intersection of diffracted beam with sphere

4. By construction connect point x' and en-

trance point of X-ray beam into sphere at A.
(Fig. 3).

Then erect _L on the planes producing the dif-

fraction so that it intersects line AB.

In AACD sin d = CD/AC

From Bragg's law, sin d = (n\/2d)

.
CD _ ±

" AC ~
2d

If we let AC arbitrarily = 2/X(*) we get

CD = l/d

Thus by construction and from geometry CD =
l/d and it is ± to the reflecting planes. Thus our

setup complies with our definition for the recipro-

cal lattice above.

5. Conversion Factor: We must develop some
means for going from cm to A and A to cm.

We can take the expression, (*), AC = 2/X and
write it as ACcm = K(2/Xa) by introducing the

factor K.
Now

K = ACcwXa

6. For convenience we can place the center of

the three-dimensional reciprocal net at (see Fig.

3) and ^ now becomes the reciprocal vector in

the reciprocal lattice.

Then OB (or ^) = 2 CD = 2/d
Likewise we can write

OBcn = <B
and substituting for K we have

OBcn = ACcnXx/dx = ^cm

Since AC = radius of imaginary sphere in cm we
have

dA
RcuXa

^cm

Note: Instead of letting R = 2/X we can include

in R a, variable multiplication factor to obtain a

convenient net size {R = 10 cm for unit cell di-

(a)

1/d

Sample

Diffracted beam

Fig. la. Description of family of crystal planes
by direction (normal) and reciprocal of interplanar
spacing, d.

Fig. lb. Diffraction pattern on fiat film.

Fig. 2. Fig. lb enclosed with imaginary- sphere
tangent to film.

Fig. 3. Construction of reciprocal lattice (see text)

mensions up to 10 A and 7i' = 20 cm for dimensions

>10 A values). Most book.s now use the reciprocal

d, or d*, in place of ^.

To illustrate this graphical method we have
chosen single-crystal rotation patterns, the unit

cells dimensions of which have been recorded in

the literature, namely salicylic acid and PbsO^
(minium). These illustrations use respectively

flat and cylindrical film patterns. Cylindrical film

pattern solutions are very similar to flat film pat-

tern solutions, but some modifications are neces-

sary to comply with the difference of the space

geometry. See figures of solutions of salicylic acid

(Fig. 4) 'and Pb^O^ (Fig. 5).

In the graphical analysis we make use of three
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sections which are all tied together. Sections 1 and
2 are vertical and are folded down into the plane

of the paper, and 3 is projected down onto the

plane of the paper.

Section 1: In this three-dimensional drawing.

Section 1 always is a duplication of the actual

fiber, or rotation, pattern u.sually on an enlarged

scale see X-ray pattern;. The degree of enlarge-

ment depends on the dimensioiLs of the unit cell

which can. to some extent at least, be anticipated

from the pattern. For unit cell dimensions of less

th&.n 5 or 6A best results are obtained without any
pattern magnification, i.e.. the section is a direct

reproduction of the pattern; for dimensions up to

10 or 12A twofold enlargement is satisfactory, and
from 10 to 30A fourfold enlargement suffices. This

section actually stands perpendicular to the plane

of the drawing and for the solution is folded down,

away from the reader, into the plane of the draw-

ing. All possible accuracy obtainable is to be ob-

ser\'ed when making the measurements on the

original pattern. It is best to get three measure-

ment.s for each spot for flat film solutions—the

horizontal distance, the vertical distance, and the

diagonal distance 'the most accurate in measuring

arcs I between corresponding spots. On a twofold

enlargement, the measurements between corre-

sponding spots or arcs are used directly—on a

fourfold one. distances double the actual measure-

ments are used to locate the spots in the drawing

while reconstructing the top left quarter of the

X-r&y pattern g.s it is shown in this section. The
construction of this section is straightforward

'"'•>»,, , \i '*' '

' '• M , ...

, .»

Fig. 4A. Rotation pattern for sahc^'Hc acid on
flat film.

and made directly from the pattern for either flat

film patterns or cylindrical film patterns. For il-

lustrations see Table 1 and the graphical solutions

of salicylic acid and Pb-O^ in Figs. 4 and 5.

Section 2: This section of the graphical solution

represents a ver\- thin vertical cross section of

section 3 extending from the vertical center axis

outward to where the undiffracted X-ray beam
emerges at the point of contact between the

X-ray pattern and the sphere of section 3. Theo-

rectically it is lifted out of section 3, placed at the

right side of the X-ray pattern (section 1) and

folded, away from the reader, into the plane of the

paper. Actually it is constructed directly from

section 1 and is used to obtain the third dimension

of the reciprocal unit cell. Furthermore, it is an

intermediate operation to obtain the positions

where the diffracted X-ray beams intersect the

sphere at the various reciprocal levels i first,

second, etc.i in section 3 as they proceed from the

cr>-stal and are recorded on the film. This three-

dimensional construction in section 3 is later pro-

jected on the plane of the paper and shows the

structure as ^^ewed along the vertical axis in

section 3. Ob\'iously. this construction of section 2

must be somewhat different for the flat film and

cylindrical film solutions because of the difference

in the space geometry- of the two situations.

To construct section 2 for the flat film solution

the vertices of the layer line hyperbolas in section

1 are projected to the right onto the film which now
is \'iewed edgewise. A line connecting this point on

the film with the center of the sphere (section 2)

gives the actual reciprocal height distance where

the reciprocal lattice level cuts the sphere, i.e.. it

describes the positions of the diffracted X-ray

beams where they pass through the sphere. The
various diffraction hyperbolas of spots in the pat-

tern will locate all the various possible reciprocal

lattice levels in the graphic solution as described

below.

At times it may be diflScult to locate the vertices

of the hyperbolas of spots precisely; then these

same reciprocal lattice levels can be located by

projecting one of the spots directly. The X-ray

beam that produced the partictilar spot had to

travel farther because of the angle and hence will

intersect the film at a higher level. This correction

is made by projecting the spot beyond the film the

additional distance that the beam had to travel

to hit the film at the higher level where the spot

is recorded. This is the distance from the sphere

section 3) to the position where the particular

beam intersected the film. From this projected

point the procedure is the same as described above

to obtain the reciprocal lattice heights.

Projecting these reciprocal lattice-sphere inter-

sections from section 2 onto section 3 then helps

in obtaining the radii to be used for locating the

loci where the reciprocal lattice layers cut the

sphere in section 3. These loci are the levels at

which the diffracted beams emerge from the

sphere. Xote: The same magnification factor

used in the reproduction of the pattern must be

applied to the diameter of the sphere i.e.. a two-
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Fig. 4B.

fold magnification of a 5-cm sample to film dis-

tance pattern requires a 10-cm radius sphere)

.

For a cylindrical film pattern the film is wrapped
around the sphere tangent to it at the diametral

plane. This makes all diffracted beam paths of the

same level the same in length and consequently
the spots in the pattern lie on straight lines rather

than on hyperbolas. Hence, theoretically, the film

must first be unwrapped from the sphere until it is

straight and occupies the same position as a flat

film before it can be folded into the plane of the

paper to make the graphical solution. For this

type of solution a device to readily transfer dis-

tances along a circular path to linear distances

becomes a very desirable aid in transpo-sing tlif-

fraction spots from the film in actual position to

the pattern in the folded down position.

Section 3: This section presents a view along the

vertical axis of the sphere and projects everything
onto the plane of the paper. The projection of the

sphere is drawn with its proper (depending on the

magnification factor used) radius. The circle.s

showing the intersections of the reciprocal lattice

layers with the sphere are likewise drawn. Next,
the positions are found where the diffracted beams
that caused the spots on the flat film pattern

emerged from the sphere for the layer line by
laying a straight edge through the center of the



RECIPROCAL LATTICE 924

sphere and the diffraction spot (particular one in

question) and marking the intersection of this line

with the outermost circle (0 layer-line projection

of sphere). This is done for all zero layer-line

spots. Next, one does the same for the first layer

line. For this it is essentially necessary to consider

the three-dimensional aspect, and thus one has to

project the spot down on the layer-line level be-

fore laying the straight edge across. This time the

intersections with the second circle (from outside)

are marked. This is repeated for all the spots on all

the layer lines present in the pattern. After this

the ^, circles (half) or loci of the ends of the radius

vectors, are drawn through the marked intersec-

tions located above; and one can readily see that

all the diffraction spots belonging to the same

vertical row have the same ^ value. Actually, each

radius vector circle represents the locus of a re-

ciprocal lattice net intersection as the net turns

about its origin at the point of contact between

the sphere and the film.

Determining the Reciprocal Net. After the

^ circles have been determined the remainder of

the solution is essentially the same regardless of

whether the original pattern was flat or cylindri-

cal. Since the ^ circles are the loci of the reciprocal

net intersections they will be used to determine

the corresponding reciprocal net. This is the most

difficult part of the entire solution since it must be

done on a trial and error basis. A little practice

and experience are very helpful with this phase of

the solution. One soon learns that variously shaped

unit cells usually have a definite arrangement and

characteristic spacing of the ^ circles. This char-

acteristic arrangement, especially of the first few

circles, often goes a long way in determining the

net. The general idea of this can be seen in Fig. 6.

Of course, body- and face-centered conditions

often change the arrangement because of sys-

tematic extinctions and the student should ap-

proach the problem with the following table in

mind.

Bravais Lattice Reflections Pres. Reflections Absent

Simple
Base-centered

all

h and k un-

none
h and k mixed

Body-centered

Face-centered

mixed
(h + k + 1)

even
h, k & 1 un-

mixed

(h + k + 1)

odd
h, k & 1 mixed.

In the analysis it is convenient to use the length

of the shortest radius vector and with a pair of

dividers examine the | circles for higher orders. If

a reasonable number are observed a square net of

this dimension can be drawn on tracing paper and

the ^ circles checked by superposing the net on

the original drawing (every circle must lie on a

net intersection). If the square net does not ac-

count for all ^ circles other lattices in the table

above must be tried (it should be remembered

that in the projected net one of the indices must

always be zero). Thus if one suspects a base-cen-

tered condition one might try the 1st | circle for

the (110) net intersection instead of a (100) inter-

section. Sometimes it is obvious that one or both

first reciprocal ^ circle dimensions must be cut in

half (really the true dimensions doubled) to make

the net account for all the experimentally obtained

^ circles. After a net has been found which ac-

counts for all the ^ circles the real unit cell dimen-

sions are determined by means of the above

equation.

^^^
Fig. 5A. Rotation pattern for PbsOi on cylindrical film.
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^{|{pi|ii^]^{ijj|i[ii|t[ii|mi|i^

e ^.ry^tal jR^taitJ-an

Fig. 5B.

RX
'{a,b. or c)A

^(0.6. or c)c

Calculation of L^nit Cell Dimensions. It has

been shown previously that d = R\/^. In this case

we are using twofold magnification, and thus R is

two times sample-film distance or 10 centimeters.

Therefore, where i?Xcopper = 15.418 and the ap-

propriate ^ values are obtained from the measure-

ment of a convenient number of unit cells in the

salicylic acid solution (10 and 6 in this case) di-

vided by number of unit cells measured (13.25

cm for lO-unit cells)

:

(la = 15.418 ^ 13.25 '10 = 11.63 A

(/,, = 15.418 -- 3.12 = Lit} A

f/,. = 1 5.4 IS - 8.25 = 11.21 A

Angle /3 (me;'.sure(l wilii protnu-tor 1
91-1/2°

Values reported in the liten'.ture :-

(/,, = 11,56 kX

(h, = 11.22

(I,. = 4.03 and angled 91=22': n = A

Xotc: The b and c values obviouslx- have been
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interchanged. In crystallographic nomenclature,

the 6 axis is opposite the /3 angle; that is, b axis is

perpendicular to ac plane.

Indexing the Rotation Pattern. After the

unit cell dimensions have been determined the dif-

fraction spots in any rotation (or fiber) pattern

can readily be indexed. This is done by finding

which ^ circle (100, 110, 210, etc) corresponds to the

particular spot for the particular values involved

such as h and k (depending on the orientation).

The I value is similarly obtained from the corre-

sponding layer line. It should be noted that certain

important types of reflections (diffraction spots)

such as (001) are prohibited in a single-crystal

rotation pattern. This information may be ob-

tained from a second pattern made with a different

orientation of the crystal. At this stage enough

reflections may be identified to enable one to de-

termine the systematic extinctions. Table 2 is a

list of indices for the salicylic acid solution.

Transformation of Indices. It is possible that

the particular solution may give a unit cell other

than the simplest such as a face-centered tetrag-

onal. In such a case a second graphic solution can

now be readily made to obtain the simplest cell, or

the indices may be transformed mathematically.

The pattern of minimum (Pb.-,04) will readily give

both graphical solutions or the transformation

can be made mathematically. (See "X-ray Crystal-

lography" by Buerger, Chapter 2, especially pp.

12 to 16). To make this transformation let us first

study the sketch. In order to determine the trans-

formation matrix it is necessary to identify at

least 3 principal planes in each of the two cells.

For this the following may be used

:

Table 1. Interference Measurements on
X-RAY Pattern for Salicylic Acid

f c t (Ilk!)

100

010

001

b c t (HKL)

110

110

001

If hkl and HKL refer to the fct and bet cells re-

spectively then the matrix of transformation can

be determined from the following equations.

H = vih + vik + wd

K = U'lh + Vok + ivil

L = ush + Vzk + wd

where UiViWi , etc., are coefficients. Now applying

the first equation to the 3 sets of planes we have

:

1 = ui + 04-0 Ui = 1

1 = + ?u + V, = 1

= + -^ uh uh =

nd the second equation:

T = 112 + + n, = T

1 = + z^o + V2 = 1

= + + i{;2 w-2 =

Layer Horizontal Vertical Diagonal

1 93^-^^ Since largest unit cell

dimensions is quite

2.73 likely only slightly

2.82 greater than 10A,
3.07 these data are plot-

3.12 3.12 ted at a twofold

[3.17 magnification (film

part on graph mag-
4.05 nified 2 times).

4.76^
^3

5 34^-^2

^ 0216. 03

6.23

6.47

6.62

7.00

7.16

I

-41;"
3.32 These vertical points

give the position of

1.92 the hyperbola (with

2.76 flat ' film tech-

2.86 niques) on which all

[3.12 layer-line interfer-

3.19^3.19 ences are located.

3.25

A 11 4-11

^•^V.17
3.60 Diagonal readings

were not necessary

[4.50 since the spots were

4.58 4.65 very definite. In

[4.79 fiber work diagonal

5.48 readings are very

5.58 important since it

6.16 is the most accurate

6.44 reading obtainable

6.64 on the short arcs.

6.82 3.95

7.23

7.40

II 1.61

1.86

2.34

2.45

3.75

8.22

[4.21 8.75

4.30 4.38

[4.54

5.41

5.53 9.07

Note: The shapes of many spots show superpo-

sition of interferences. Especially the first spot on

the and first layer lines proved to be doublets

when examined microscopicallj^
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square net (fixed layout) Parallelooji-ain not (\'ai-\'iiig la\'ovil)

A\U^vV
i\i

%\^^

\vm \VvV

\ V\V^
\m^^J^^^\==^

^^'^^^

Fig. 6. Monoclinic net {(3 angle often causes | circles to occur in pau's).

Table 2. Designation of ^ Circles for Salicylic Acid.*

Zero Layer Line
hkl hkl

s
= 3 TOl

lOT
^
= 16 203

203

t = 4 101

TOT
^
= 17 302

302

t = 5 200

200
^
= 19 400

ioo

i = 6 002

002
^
= 20 004

001

7 201

201
6
= 22 104

loi

303
t = 8 102

102

303

201 ^
= 23 303

201 303

i
= 9 102

102

s 24 402

102

204

^
= 10 202

202

201

25 204

i
= 14 103

103

201

First Layer Line
IM hkl hkl

1 110

110

no
TTO

7 211

21T

2T1

2n

^
= 12 013

013

013

0T3

2 oil

on
OTl

OTT

" 8 112

112

n2
1T2

$
= 13 311

311

3T1

3TT

3 111

111

111

III

t = 9 112

112

ll2

112

^
~ 14 T13

113

113

lis

5 210

210

210

210

s 10 212

212

212

215

s It) 213

213

213

213

012

012

012

$
= 11 212

212

212

s^ = IS 213

213

213

012 212 213

l!l 410

110

4lO

410

The arrangement of these interferences is Ixised on the arrangement of the data in this sohition.



RECIPROCAL LATTICE 928

Fig. 7. Alternative choice of unit cell (face-

centered tetragonal cell xyz with pair shown
simpler than x't/'z' cell).

and the third equation:

= M3+0 + W3 =

= + ^3 + 1'3 =

1 = + + U'3 Wz= I

Thus the transformation matrix

U^ Vi Wi 1 1

U2 V2 W2 = 1 1

Us Vz Wz 1

and the equations of transformation become:

H = h + k

K = -h -h k

L = 1

With these we can readilj^ transform all the in-

dices from one system to another. Example

Reported (or obtained)
Indices

220

231

Transformed Indices

[^ = 2 + 2

m{K = 2 + 2

[L =
fi/ = 2 + 3

511 K = 2 + 3

L = 1

Molecules Per Unit Cell.

Volume of unit cell X densit}^

Where

:

Mol. wgt X 1.663

O

Molecular weight = C —OH
—OH = 138.12

Volume = da X db X da X sin (180° - /3)

Density = 1.443 2074°

n = [(11.60 X 4.93 X 11.20 X 0.99972) X 1.443]

- 138.12 X 1.663

n = 4.02 or 4 molecules per unit cell.

Determination of Space Group. As was men-

tioned previously, it is not possible to determine

the space group if there is no chance for the (OA'O)

interferences along the axis of rotation to be re-

corded. To get these a second pattern would have

to be made while rocking the sample in the plane

defined by the fiber axis and the original defined

(undiffracted) X-ray beam or remounting the

crystal along one of its other axis. This was not

done here ; but if it had been done, we could (know-

ing the crystal system—monoclinic in this case)

determine the space group by use of the Hermann
Tables, 3 the Ausloschungen (extinctions) tabula-

tions of the Internationale Tabellen zur Bestim-

mung von Kristallstrukturen.^ or the Nouvelles

Tables d' extinctions pour les 230 Groupes de

Recouvrements Crystallographiques.*^

Symmetry elements of translation in crystals

give rise to extinction of certain classes of

interference reflections which serve to uniquely

characterize the elements producing these extinc-

tions (see Buerger^). Careful examination of this

table shows that if there is no systematic extinc-

tion among the hkl interferences we have a simple,

or primitive, cell. If /i + A: + Z = odd values are

extinct the cell is body centered, while if the mixed

(even and odd) hkl combinations are missing the

cell is faced centered. Furthermore, if there are

systematic extinctions among the (Okl), (hOl)y

(hkO) and (hhl) groups we have glide plane sym-

metries, and if the systematic extinctions are

among the (hOO), (OkO)^, (00/) and (hhO) groups we

have screw axis symmetries. For an explanation

for the mechanism of extinctions see Buerger,

Chapter 4.i

Distributing the Atoms or Molecules in the

Unit Cell.

Simple Inorganic Materials. The atoms or

groups, as COa , are placed in positions in space as

shown by the space group figures and given point

positions paying due respects to the symmetry

operations demanded for all equivalent positions,

general and special (see Ref. 7); at the same time

complying with the required atomic radii where

variability of position in any direction (x, y, and

z) is permitted. This distribution then is checked

for intensities (calculated) that this distribution

will reflect as interference spots on the film.

Complex Organic Materials. With complicated

materials such as organic compounds no direct

simple methods for distributing the atoms in space

are available. Any methods that are applicable

to these solutions are beyond the scope of this

discussion and the reader is referred to the sources

where these methods are treated in full detail. i^.

13,14,15 ,16,17

Calculations of Intensities from a Postu-

lated Structure. The method of calculating

interference intensities for the various (hkl) (Okl)

(hOl), etc., values is fully discussed and illustrated
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in Prof. Buerger's "Numerical Structure Factor

Tables, "^^ The positions are quite critical and
even a small amount of shifting will rapidly throw

the intensity calculated out of line with the in-

tensity of the measured (corresponding) interfer-

ence.
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RECIPROCITY LAW. See Detectors of Radiation.

RECORDING DIFFRACTOMETERS. See Quantitative

ysis of Mixtures.

Anal-

RECOVERY, BIOLOGICAL, FROM RADIATION INJURY*

Biological recovery from injury uiduced by ex-

posure to ionizing radiations is complex and not

thoroughly understood. Many facets in this field of

study are yet to be explored before the complete

course of biological recovery can be charted. Re-

search findings in man}^ areas of this field do pro-

vide reasonable vantage ground from which to

speculate.

Damage to the biological S3'stem resulting from

exposure to ionizing radiation maj' be divided into

two broad components: reparable damage, that

damage which is repaired following a suitable re-

covery period; and irreparable damage, that dam-
age which is not repaired but which accumulates

as a permanent decrement to the animal and

which may be expressed as a reduction in life span

or resistance to a subsequent stre.ss. To understand

recovery, it is necessary to consider both compo-
nents of damage and several other parameters

which influence biological repair.

Irreparable damage is a small fraction of the

total injury incurred through exposure to ionizing

radiation and is roughly between 5 and 10 per cent

for X- and gamma raj's^' " and approximately 10

to 20 per cent for fission neutrons.^ The remaining

injury, 90 to 95 per cent for X- and gamma rays

and 80 to 90 per cent for fission neutrons, is repa-

rable.

The function taken by repair is one of the es-

sential parameters. Recent observations^ indicate

that either an exponential or an exponential plus

a constant function describes repair of the whole

body adequately, and it is quite generally agreed

that recovery from radiation injury is exponential

with time.

Another parameter necessary to describe repair

is that of its rate. If recovery is exponential with

time, recovery rate may be described as the recov-

ery half-time (RToo), the time required for re-

pair of 50 per cent of the effect of an exposure

to ionizing radiation. It maj' also be thought of

as per cent repair per day of the residual dose or

damage left the preceding day. This factor would

also be a constant if an exponential function is as-

sumed. This is illustrated in Table 4 of an earlier

report.^

With these three parameters (per cent irreparable

damage, repair function, and repair rate), and as-

suming all other conditions to be constant, it is pos-

sible to chart the course of recovery with a consid-

erable degree of accuracy. An example of how these

parameters may be used is shown below and has

actually been used to predict residual damage.*

For purposes of illustration, we will assume the ir-

reparable damage to be 5 per cent,^ the RTm to be

7 days,^ and the repair function to be exponential.^

We will assume also that the LDdo"" (acute dose of

X-rays required to kill 50 per cent of the exposed

population in 30 days) of the population in ques-

tion is 700 rads. Now consider the following prob-

lem. If a population is exposed to 450 rads of X- or

""' Work performed under the auspices of the

U. S. Atomic Energy Commission.
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Table 1. Accumulated X- or Gamma-Ray Doses
AND Their Equivalent Acute Doses.

(A 5 per cent component of irreparable damage
and an RT50 of 7 days assumed).

Accumulated jf«;,tt!le
Dose' (rads) oose (rads)

Residual
Reparable
Dose (rads)

Equivalent
Acute Dose"^

(rads)

450 — 450

900 22.5 106.9 579

1350 45.0 133.6 629

1800 67.5 140.3 658

2250 90.0 142.0 682

2700 112.5 142.4 705

3150 135.0 142.5 728

3600 157.0 142.5 750

4050 180.0 142.5 773

4500 202.5 142.5 795

^ Accumulated at the rate of 450 rads biweekly with each
450-rad dose being delivered within 1 hour.

^ The sum of the residual damage (irreparable and repa-

rable) and the second series of exposures (450 rads) biweekly.

800

1 .1 ! 1

700 —

^

1

^^50y\
600

/

' STD,
1 ERROR -

500 -

{

400

\ 11 II 1

1000 2000 3000 4000

MEDIAN LETHAL DOSE (RADS)

Fig. 1. A curve of the form 1' = Pi (1 - e^-^^) +
P4 +P5X fitted to values in Table 1. This figure

illustrates the methods used to obtain the acute

values corresponding to any accumulated value.

gamma rays acutely (total dose delivered within

approximately 1 hour) at intervals of 14 days (two

RTso's), how much radiation can we expect this

population to accumulate before the radiation kills

one-half of the population? Table 1, column 1,

shows the doses which will be accumulated. Column
2 is a tabulation of the irreparable damage from the

preceding dose or doses. Column 3 is the residual

but reparable damage from the preceding dose or

doses. Column 4 is the sum of columns 2 and 3 plus

450 (the acute dose given biweekly), or the ef-

fective acute dose. One can see, for example, that

14 days after an accumulated dose of 2250 rads the

population will have a body burden equivalent to

254.9 rads of X- or gamma rays (112.5 rads irrepa-

rable damage and 142.4 rads unrepaired reparable

damage). If at this time the population is exposed

930

acutely to 450 rads of X- or gamma radiation, the

total damage immediately after exposure would be

704.9 rads, which is equal to the acute LDso^ dose

of the population. Therefore, we would expect 50

per cent of the population to be dead 30 days after

an accumulated dose of 2700 rads.

It is a simple matter to make a table such as this

(Table 1) and to select equivalent acute doses for

tabluated accumulated doses. However, if one

wishes to obtain equivalent acute doses for values

other than those tabulated, it is necessary to de-

scribe a conversion curve to fit the tabulated data.

In this case, the curve takes the form.

Y = P^a - e'''^) + P. + PsX (1)

where A" is the accumulated dose (column 1, Table

1), }' is the equivalent acute dose (column 4, Table

1), and the P's are equation parameters [Pi = 570;

p.-, = 0.0031; P3 (held constant) = 1 ; P4 = 0.0045;

and Pz, = 0.05]. The curve is shown graphically in

Fig. 1.

With an acute LD5u"° of 700 ± 25 rads, it is pre-

dicted from Fig. 1 that the population could toler-

ate an accumulated dose of from approximately

2150 to 3050 rads before 50 per cent are killed. This

illustration is, of course, an empirical one. It has

been demonstrated valid under a given set of con-

ditions;' however, there are many factors which in-

fluence biological repair, and the basic formula

(Eq. 1) would have to be modified for each new set

of conditions. The following are just a few of the

factors which may influence biological repair.

For all practical purposes, the repair function

(exponential) will probably remain constant. How-

ever, the rate of repair may vary with size of ex-

posure dose,^' ^' "'^ the rate at which the dose is de-

livered, sex, mammahan species,** radiation history

of the animal concerned,* and for different tissues

within a given animal. Environmental conditions

and state of health at the time of exposure and

during repair must also be included in the repair

picture.

It is readily seen that the problem of biological

repair from injury acquired from exposure to ion-

izing radiation has not yet been completely solved.

There are many difficult questions for which an-

swers must be found before the repair puzzle can

be pieced together. However, at this writing suffi-

cient progress has been made to provide a sohd pad

from which to launch more meaningful research

programs.
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RECOVERY FROM RADIATION DAMAGE

The term recovery may be applied in a formal
sense to any situation in which the total ciuantitj^

of radiation required to produce a specified end
effect is an increasing function of the over-all time

in which the dose is delivered. This property is pos-

sessed in some degree by almost all material sys-

tems, inanimate as well as animate, and arises from
diverse mechanisms.
There is also an ohservatio7ial or descriptive

sense of the term, which refers to the description of

the events or mechanisms by which an irradiated

system reduces the induced damage and moves to-

ward a state approximating the preirradiation state.

If the radiation dose is sufficiently large, there

may be a persistent structural and functional defi-

cit—the so-called irreparable component of injury.

This exists in the formal sense if the dose for cri-

terion effect does not increase without hmit as

elapsed exposure time increases, but instead ap-
proaches some finite value. Irreparable injury in

animals is sometimes formally demonstrable in

terms of shortening of life or increased cancer in-

cidence even though no corresponding permanent
structural damage is detectable by available meth-
ods. Structural damage at the molecular level is

sometimes visible (chromosome rearrangements)
but changes such as gene mutations are only de-

monstrable by subsequent phenomic changes.

Measurement of Formal Recovery. The most
widely employed experimental measure of formal
recovery is the spiit-dose procedure. In this a group
of animals is given a conditioning dose, Dc , at

time to and then at times ti , • • • ti ,
• tn , test

doses Dx ,
' • Di ,

•

'
• Dn are experimental!}' deter-

mined that will produce a response equal to that

produced at time to by superposition of dose Do on
Dc. The formal residual injury, i?i , at time ti is

the number of dosage equivalents of injur}' re-

maining (in units of roentgens, rads, etc; .«ee Fig.

1).

Ri^Dc-{Dt-Do)

The fractional residual injury, /i , is

fi = Ri/Dc

A widely used criterion is 50 per cent lethahty

within 30 days after ti . The added dose for 50 per
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cent lethality, Di, may be estimated by one of

several statistical interpolation procedures.

A plot of log /i versus ti frequently can be fitted

with a straight hne, and the slope of this line is

a defined recovery rate. This can be given as the

mean recovery rate, jS, in the equation

log. /i = -/3t

or as the recovery halftime ry2 , or time for fi to

reach 0.5

Tl/2 0.693/^

Some typical recovery halftimes are about two

days for the mouse, five days for the monkey and

10 days for the dog.

On the whole, radiosensitive species (those hav-

ing low LDso/so values) have the longer recovery

half times. Large mammals tend to have longer

recovery halftimes than small mammals. There is

a consensus of evidence and opinion that the re-

covery rate, j3, diminishes as the conditioning dose

increases, and especially as it reaches near-lethal

levels. The time at which the white blood count of

a species passes through its minimum following a

single exposure is related to the recovery half-

time, and behaves in much the same way.

The detailed course of recovery, as revealed by

several careful investigations, departs appreciably

from the exponential course, particularly during

the first 48 hours (Fig. 2). After 2-4 weeks, the

residual dose sometimes becomes negative for sev-

eral weeks, indicating the existence of a transient
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period of supernormal radioresistance. There is

little evidence of a significant irreparable compo-

nent (tendency for ji to remain greater than zero

indefinitely) when Dc and the Di are single brief

exposures. However, these values are limited by

the nature of the response to values much less than

1000 rads (gamma rays). If the test condition is,

e.g., the determination of mean accumulated dose

to death under daily exposure at 100 rads/day, then

a significant irreparable component is demonstrable

after conditioning doses of a few hundred rads.

Also, if the conditioning exposure is fractionated

over several days or weeks, so that up to 2000 rads

can be delivered without acute killing, then a sig-

nificant irreparable component is demonstrable

with a single-dose test at any later time. The ir-

reparable component is a constant proportion,

about 5 per cent, of the size of De . The mean re-

covery rate for conditioning exposures delivered

in a number of daily fractions decreases as a func-

tion of the accumulated dose and the total num-

ber of daily doses given.

Recovery processes are also investigated by ad-

ministering single exposures protracted over differ-

ent periods of time, or by dividing the dose into

several fractions given at various equally spaced

intervals. The results obtained by these procedures

differ in important respects from those obtained by

the spht-dose procedure. Some of these differences

can be reconciled, but others remain unexplained.

The killing and recovery processes for mamma-
lian cells cultivated in vitro are coming under in-

tensive investigation. The mean lethal dose for a

Fig. 2. Quahtative illustration of some properties of the curve of recovery from radiation

injury. Of the four kinds of early response illustrated, the two lower curves are the kinds

most frequently found in recent investigations.
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typical mammalian proliferative cell is nominally

100 rads. The LD50/30 for mammals usually lies be-

tween 400 and 700 rads of X-rays, and is therefore

about 4 to 7 mean lethal doses. Hence about e'* to

e"'' or 2 to 0.1 per cent of the proliferative cells sur-

vive in a turning-over cell population, such as the

blood or the gut epithehum. The number of func-

tional cells (e.g., circulating mature red or white

cells) decreases after exposure until the prohfera-

tive cell population regenerates to the point at

which it delivers young cells at a rate equal to the

dying out of old cells. The subsequent phase of in-

creasing cell numbers—even though it begins sev-

eral days after exposure—is the aspect of the tis-

sue recovery picture that accounts for major

features of the spht-dose recovery curve. However,

the proliferative cells destined to survive are them-

selves damaged by the irradiation, and thrown into

a state of inhibited mitosis. This lag period per-

sists until the damage is overcome by intracellular

recovery processes. The duration of lag increases

with size of dose, and must be added to the time

necessary for repopulating the tissue by mitotic

division. Rates of division of irradiated cells after

emergence from lag are little, if any, lower than

those of controls.

The description of recovery by a single parame-

ter of the formal recovery curve is inadequate in

the last analysis, and can lead to paradox. We re-

call that the course of tissue injury in the phase of

increasing cell numbers corresponds closely to the

split-dose recovery function. Thus, if the tissue in-

jury process has a flat bottom in the period of

minimum cell count, then the formal recovery

curve must have a shoulder of comparable dura-

tion. Moreover, the tissue recovery process cannot

be a simple exponential for large conditioning doses

because the repopulation of a tissue from a very

small fraction of survivors must of physical neces-

sity follow a sigmoid (in the simplest case, logistic)

curve of population growth. The decrease of jS

with increasing Dc may be a reflection of this.

Late Effects. In animal populations given single

or fractionated exposures the initial phase of acute

injury and lethality (if dose is sufficiently high)

is followed by a period in which death rates di-

minish toward (but do not attain) control levels.

After a period of several months to years (de-

pending on longevity of the species) death rates

rise again and remain elevated for the remainder

of life. The excess mortality from certain diseases

(notably some kinds of leukemia) tends to reach

a peak and subside, but for a large and heteroge-

neous class of diseases (including most cancers and

degenerative diseases) the mortality rates are in-

creased at all ages after the end of a latent period

of several months to years (depending on species

longevity). Thus, not all late effects are irrepara-

ble damage in the strict sense, nor can all late

effects be lumped together indiscriminately in the

analysis of delayed radiation injury.

Life Shortening. The most compendious meas-

ure of late radiation effect is the decrease in length

of life (life shortening) experienced by exposed

groups. When deaths from leukemia are excluded.

the deaths from other causes in mice satisfy the

formal definition of irreparable injury in that a

certain amount of life shortening is produced per

roentgen of exposure almost regardless of expo-

sure pattern. Three factors that complicate this

simple view must be mentioned: (1) the life-

shortening effectiveness of a single dose increases

with size of dose, for doses greater than about 200

rad; (2) the life-shortening effectiveness of frac-

tionated exposures decreases with decreasing size

of dose per fraction until a value is reached (at

about 10 rads/day of gamma rays) below which life

shortening per roentgen is relatively independent

of exposure time, dose rate or total dose; (3) when
sufficiently small fractionated or lifetime doses are

given (e.g., 5 r/day or less to mice) the life short-

ening per roentgen sometimes is observed to de-

crease, and even to become zero or negative

(longer average survival in exposed group). When
this occurs, the populations concerned have high

mortality from infectious diseases, and the radia-

tion exposure presumably reduces susceptibility.

These phenomena have no relevance to the debate

about whether a true threshold or null effect dose

range exists (see below). The life-shortening ef-

fects of ionizing radiations have been thoroughly

studied in mice and rats, and some information is

available also for rabbits, guinea pigs and dogs.

For mice and rats given protracted daily gamma-
ray exposure, length of life is reduced by 0.6 per

cent for every 100 r accumulated. If brief daily

X-ray exposures are given instead, the reduction is

about 1 per cent per 100 r. Although there is some
variation between species, the evidence suggests

that the life shortening expressed as per cent per

roentgen is to a first approximation independent

of species longevity. On this basis, the life short-

ening for man could be taken to be on the order

of 1 per cent per 100 r, or about one to two daj's

for each roentgen accumulated.

The effectiveness of fast neutrons for shortening

life depends almost entirely on dose, independent

of dose rate. For large single doses, fast neutrons

are two to three times as effective rad per rad as

gamma rays. When highly fractionated daily ex-

posures are considered, fast neutrons are about 10

times as effective per rad as gamma rays.

Irreparable Injury and the Threshold Con-
cept. Whether the coefficients of life shortening,

leukemia induction, etc., as determined in the

laboratory, continue to hold when doses are on
the order of a thousand-fold smaller (natural back-
ground and fallout levels) is a question to which
an unequivocal answer cannot yet be given. The
two extreme views are: (a) the coefficients meas-
ured at high doses may be expected to hold for

any amount of exposure down to doses lower than

the incremental fallout dose; and (b) the effective-

ness of radiation exposure for life shortening or

cancer induction may be expected to fall off so

markedly with decrease in rate and total quantity

of exposure that at exposure levels well above
those of the natural background the effectiveness

per roentgen will be orders of magnitude lower

than that measured experimental^'. Each position
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appeals to well-established physical and biological

principles and facts. This being the case, the de-

termination of the magnitude of environmental ex-

posure effects is not simply a true-false decision

between two opposed claims but rather a deter-

mination of the proper weights to assign to the

several considerations under the relevant condi-

tions. Research on low-level radiation effects is di-

rected toward obtaining progressively better esti-

mates of these weights.
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RELATIVE BIOLOGICAL EFFECTIVENESS (RBE)

Definition. Effects of ionizing radiations on bio-

logical systems are known to depend not onl}- on
the absorbed dose, but also on the type of radia-

tion employed. Thus, for equal absorbed doses of

two radiations, the degree of damage may be dif-

ferent, though there are no fundamental differences

in the type of effects produced by various radia-

tions. In general, any effect produced by X-rays
can also be produced by other ionizing radiations,

but with lower or higher effectiveness. The varia-

tions observed are generally assumed to be due to

differences between the spatial distributions on a
microscopic scale of the energy deposition in the

irradiated material. The dissipation of energy by
ionizing radiations in matter is localized along the

tracks of individual charged particles such as

a-particles, electrons produced by X- or gamma-
rays and protons set in motion by neutrons. A
measure of the spatial distribution of the energy
deposition is the linear energy transfer (LET) of

the radiation (q.v.). For most of the effects of

interest in radiobiology, radiations with a high

LET are more effective per unit of absorbed dose

than radiations with a low LET. In order to de-

scribe these differences quantitatively the concept

of "relative biological effectiveness" has been in-

troduced. The RBE of a radiation Y for a specified

biological effect is defined as the ratio of two ab-

sorbed doses of different radiations which yield

equal effects

:

dose of "standard" radiation

required for specified effect
RBE{Y)

dose of radiation Y
required for equal effect

It would have been preferable to have hard gamma
rays, such as from Co^° or Ra''"^ or fast electrons

as a standard of reference, because their mean LET
is near the minimum available and in this region

the RBE is least dependent on LET. It has been

usual, however, to take 200 kv X-irradiation with

a mean LET of about 3.5 kev/fi of water as a

standard of reference, because it is readily avail-

able in many laboratories. Thus, if under well-

specified conditions 50 per cent of the cells in a

population are killed by a dose of 200 r (see Units

of Radiation) of 200 kv X-rays and the same ef-

fect is produced by a dose of 100 r of fast neutron

radiation, the RBE of this neutron radiation is 2;

i.e., neutrons are with regard to this particular

effect twice as effective as 200 kv X-rays. For an-

other biological effect, for instance, induction of

mutations, the RBE of these neutrons may be

quite different, however.

The RBE as defined above depends not only on

the type of effect produced, but on other factors

as well, among which are most important the total

dose administered, the dose rate, fractionation of

the dose, the temperature and the presence in the

irradiated material of ox>^gen and of compounds

such as cysteamine which are capable of modifying

radiation effects.

Variation of RBE with LET (q.v.). Effects

observed in biological systems, whether they are

single cells or animals, are in general the result of

a chain of events originating from the primary' ef-

fects produced by radiation, namely ionization and

excitation of atoms and molecules. Of these pri-

mar3^ effects, ionizations are assumed to be much
more effective in producing results of biological

importance than excitations. Since densely ionizing

radiations are more effective for the production of

most biological effects than sparsely ionizing ra-

diations, it must be concluded that interaction be-

tween effects of individual ionizations can occur if

they are produced close enough together in an im-

portant molecule or biological structure and fur-

thermore that this interaction is necessary to pro-

duce, through a chain of events, the biological end

point observed. If the ionizations are more widely

spaced as in the case of radiations with a low LET,
the probability of interaction and consequently the

effectiveness with which damage is produced will

be relatively low. If on the other hand the ioniza-

tion density is extremely high it may be expected

that more ionizations are produced by such par-

ticles in a molecule or biological structure than are

required to produce the biological end point. Hence

part of the energy deposited is wasted. As a con-

sequence the RBE should decrease with increas-

ing LET at very high ion density. It will be clear

that in principle studies of the relation between the

ionization density and the RBE of different radia-
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Fig. 1. RBE as a function of LET for two levels of damage. Curves 1 and 2 relate to doses
of radiation which reduce the fraction of human cells in tissue culture capable of unlimited
proliferation to 80 and 5 per cent respectively.

tions may provide information at the molecular

level about the dimensions of the structures which

are damaged initially in biological systems.

An example of the general picture outlined above

is given in Fig. 1 for damage to the reproductive

capacity, i.e., the capacity for clone formation of

a given fraction of human cells in tissue culture.

The RBE is found to change Httle with LET
values between 0.3 kev/fj. and 5 kev/^a of water

whereas above 5 kev//x it increases markedly till

a maximum at about 100 kev/fi, followed by a de-

crease at still higher LET's. The absolute values

are only relevant for this particular effect and sys-

tem, depending furthermore on a number of con-

ditions as will be discussed later on.

In contrast to the variation of RBE with LET
as described above for living cells it should be
noted that with other systems a different pattern

of response has been obtained. For the inactiva-

tion of enzymes and viruses in certain experimen-

tal conditions, for instance, the RBE has been
found to decrease steadily with increasing LET.
This can be explained by the assumption that one
ionization is sufficient to produce the observed ef-

fect. With increasing ionization density the prob-

ability that two or more ionizations occur within

the same molecule increases. Thus the number of

"wasted" ionizations increases and consequently

the RBE decreases with increasing LET.
RBE in Relation to the Biological End-Point.

It is impossible to give the RBE of a type of ra-

diation without specification of the biological end
point. This has been clearly demonstrated in ex-

periments in which the RBE of 1 mev neutrons for

the production of genetic effects was found to be
L5 and 3.5 respectively for the induction of sex-

linked recessive and of dominant lethals in Dro-
sophila melanogaster. This case is relatively sim-
ple because both effects are produced in the same
type of cells and interaction of individual cells is

of no importance. A much more complicated case

is found in the determination of the RBE with re-

spect to life shortening in animals and men.

Though the superficial criterion of a decrease in

life expectancy by a number of days or a percent-

age of the normal value per unit dose may be the
same, it is not at all certain that the underlying
causes have equal importance for different radia-

tions. Therefore apparent RBE differences may be
caused by difficulties in the proper interpretation

of a biological end point. Furthermore the RBE
of a particular type of radiation may be different

for different effects in the same animal, for in-

stance, if an early effect such as death due to bone-
marrow atrophy is compared with a late effect such
as tumor induction.

RBE in Relation to Dose, Many experimental
data point to the fact that the dose-effect relations

obtained with sparsely and densely ionizing radia-

tions can be different, especially in mammalian
cells. With regard to inactivation of viruses and
inhibition of clone formation by bacteria, however,
the shape of the dose-effect relation is often inde-

pendent of the type of radiation employed. Both
possibihties are shown in Fig. 2. In curve 1 the
fraction of human cells is given, which after irra-

diation with densely ionizing a-radiation have re-

tained the capacity for clone formation, i.e., for

unlimited proliferation. Curves 2 and 3 are ob-
tained with 250 kv X-radiation at high and low
dose rates respectively. By comparison of curves
1 and 2 an RBE of a-radiation is derived of 6.3 at

80 per cent ''survival" (15 r of a-radiation) and of

3.6 at 10 per cent "survival" (155 r of a-radiation).

If the two straight lines 1 and 3 are compared it is

clear that the RBE, in this case about 7.4, is inde-

pendent of the level of damage. Both possibihties

have also been found for certain types of genetic

and somatic damage.
RBE in Relation to Dose Rate and Fractiona-

tion of the Dose. It is well-known that many ef-

fects are less successfully produced if the dose of

radiation is applied in fractions or at low dose
rates. This apphes especially to low LET radia-

tions, whereas with densely ionizing radiations the

effect of fractionation or variation of the dose rate
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Fig. 2. Percentage of human cells in tissue culture

which have after irradiation retained the capacity

for unlimited proliferation.

1—Curve obtained with a-particles.

2_Curve obtained with 250 kv X-rays, dose-rate

200 rads/min.
3_Curve obtained with 250 kv X-rays, dose-rate

0.5 rad/min.

Table 1. RBE Values to be Used for Radiation

Protection Purposes as Recommended
BY THE I.C.R.P.

LET* RBE

3.5 kev//x or less 1

3.5-7.0 kev/M 1-2

7.0-23 kev/M 2-5

23-53 kev/ju 5-10

53-175 kev/M 10-20

is much smaller. Consequently the RBE of densely

ionizing radiation will change if the doses of radia-

tion are administered in fractions or at low dose

rates. An example of this dose-rate dependence is

already given in Fig. 2. With a-radiation the num-
ber of cells affected is practically independent of

the dose rate, whereas with 250 kv X-radiation

curves 2 and 3 are obtained with high and low

dose rates respectively. At 50 per cent survival the

RBE of a-radiation for the high dose rate, about

200 r/min, is 5.3 and for the low dose rate, about

0.5 r/min, the RBE is 7.4.

RBE in Relation to Environmental Conditions.

Besides the dose and dose rate several environmen-

tal conditions such as temperature, oxygen con-

centration and protective compounds are known
to modify the effects of ionizing radiation on bi-

ological systems. In general it is found that the

effectiveness of sparsely ionizing (low LET) ra-

diations for the production of a biological effect

can be influenced to a greater extent than the ef-

fectiveness of densely ionizing (high LET) radia-

tions. Accordingly, the RBE of densely ionizing

radiation will vary with environmental conditions

not because its own effectiveness changes but due

to variation of the efficiency of the standard of

reference, 200 kv X-radiation, which has a rela-

tively low mean LET.

Use of RBE in Radiation Protection. In the

recommendations of the International Commission

on Radiological Protection (I.C.R.P.) the maxi-

mum permissible levels are presented for sparsely

ionizing radiations with a mean LET of less than

3.5 kev/M of water. In order to account for the

generally higher effectiveness of more densely ion-

izing radiations a unit is introduced termed "rem"

(roentgen equivalent man). The rem is the ab-

sorbed dose of any ionizing radiation which has

the same biological effectiveness as one rad of 200

kv X-radiation with a mean LET of 3.5 kev/M of

water. Consequently the dose in rems is equal to

the dose in rads multiplied by the appropriate

RBE. As it is impractical and because of the ab-

sence of sufficient experimental data even impos-

sible to specify RBE factors for all conditions of

exposure and all relevant biological effects, the

I.C.R.P. recommends fixed values for the RBE as

a function of LET which are to be applied to all

effects and conditions (Table 1). These values are

relatively high if compared with RBE values ob-

tained in many experiments on animals and in

some cases their apphcation will probably intro-

duce an extra factor of safety. It has to be recog-

nized, however that in radiation protection work

one is dealing with low doses and low dose rates

for which usually the highest RBE values are ob-

tained experimentally. Furthermore, for many ef-

fects no experimental RBE data are available,

which makes cautionary values of RBE impera-

tive.
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RETICULO-ENDOTHELIAL SYSTEM:

ATION

EFFECT OF X-IRRADI-

It has been amply demonstrated that the expo-
sure of animals to lethal doses of ionizing radia-

tion appreciably reduces their natural resistance to

bacterial and viral agents. Since one of the major
elements in the cellular defense system of the or-

ganism is the reticulo-endothelial system (RES),
it has become fundamentally important in the ap-

preciation of radiation injury and recovery to eval-

uate the influence of radiation on the RES.
On the basis of experimental observations of the

hypersusceptibility of animals exposed to ionizing

radiation, it has been suggested that resistance or

susceptibihty to radiation may be related, in part,

to the activity and functional capacity of the

RES, and that it might be possible to alter the ra-

diation syndrome by the administration of RES
stimulants.

The evaluation of the physiological importance
of the RES is most difficult, since the reticulo-

endothelial (RE) cells are present in numerous
anatomical sites, although their major concentra-

tion is in liver, spleen, lung, bone marrow and
lymph nodes. Although widely disseminated, the

RE cells, or fixed macrophages, all have a mesen-
chymatous origin as well as a similar morphology
and physiology. The functional basis of classifica-

tion of these cells is based primarily upon their

ability to manifest active phagocytosis toward
particulate and foreign matter of diverse origins.

These cells also have the ability to remove and in-

activate or destroy certain blood-borne disease-

producing entities.

On the basis of histological studies conducted on
animals exposed to X-irradiation, the cells of the
RES have been traditionally regarded as relatively

radioresistant.

The evaluation of the functional activity of the
RES as determined by the intravascular removal
of various types of radioactive and inert colloids

has led to some controversy as RE stimulation,

depression, or unaltered activity following X-irra-

diation have been reported. Critical evaluation of

these data indicate that the reported differences

exist because of the complexity of problems in-

volved in evaluating the phagocytic function of

the RES which involves the amount, nature and
variability of the test colloid employed. The na-

ture, dose rate, and total amount of radiation em-
ployed, the time of observation following radia-

tion exposure and the experimental animal species

employed are all important parameters.

In general, observations on the removal rates of

injected colloidal and particulate materials in such
diverse animal species as the mouse, rat, rabbit

and dog following nonlethal doses of X-irradiation

revealed no essential alteration in the ability of

the RES to clear colloidal and particulate materials

from the blood stream. In contrast, essentially all

studies employing near-lethal or lethal whole-body
X-irradiation of mice, rats c^nd rabbits, have usu-
ally revealed a significant impairment in the ability

of the RES to efficiently remove colloidal or par-
ticulate materials from the vascular svstem. The

decreased ability of X-irradiated animals to phago-
cytize colloidal and particulate materials is asso-

ciated with an impaired uptake of the injected test

colloid by liver and spleen, two organs which func-

tionally constitute over 90 per cent of the RES.
Studies which have been more indicative, in ref-

erence to demonstrating radiation-induced impair-

ment in RE function than those which employed
inert colloidal material, have been those concerned
with an evaluation of the removal rate and fate of

injected viable microorganisms in X-irradiated

animals. Bacteriological findings have indicated

that infection is one of the major factors in caus-

ing death of animals after exposure to X-rays,
gamma rays, or neutrons over a wide dose range.

Studies indicate that once the bacteria are present
within the organism, the disease progresses ex-

tremely rapidly and death promptly results. It has
been suggested that the fatal bacteremias which
develop in mice following exposure to moderate
doses of X-irradiation are more dependent upon
the impairment of the animal's defenses than of

the radiation-induced increased permeability of

the intestinal mucosa.
The importance of the RES as a major factor

in modifying radiation-induced bacteremia has
been obvious since the classical work of Chrom. In
studies which employed the intravenous injection

of Breslau bacilli to irradiated mice, Chrom dem-
onstrated that the functional capacity of the RES
was significantly impaired in X-irradiated mice and
could not maintain the sterility of blood as ob-
served in the nonirradiated control group. Local
irradiation of the liver, with the remainder of the

body shielded, depressed the abihty of the RES to

destroy the injected bacilli. Conversely, if the liver

and spleen area was shielded and the remainder of

the body exposed to 800 r, the animals manifested
a normal ability to remove the intravenously ad-

ministered bacteria. These pioneering studies dem-
onstrated the decisive importance of RE cells of

liver and spleen in combating bacterial invasion.

The protection of liver and spleen by lead

shielding during lethal 1200 r radiation exposure
of rabbits has more recently been demonstrated by
Taplin to result in reduced mortality, decreased
radiotoxicity and the maintenance of normal phag-
ocytic function of the macrophage system.
Recent studies have revealed that the phago-

cytosis of injected bacteria remains essentially

normal following exposure of rabbits to 800 r, but
intracellular killing and digestion of bacteria was
significantly impaired. The decreased digestive ca-

pacity of phagocytic cells was well correlated with
the enhanced susceptibility of the animals to in-

fection. These and similar studies have demon-
strated that the intracellular metabolic functions

of the RES are apparently more radiosensitive than

their phagocytic processes, and evidence has been
provided that radiation septicemia is due to sur-

vival and multiplication of bacteria within RE
cells.

One of the major features of the RES is its abil-

ity to proliferate and thereby maintain normal
functional activitv following the administration of
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large amounts of colloidal or particulate materials.

The administration of excessive colloids results,

however, in a temporary depression, or "blockade"

of the RES and is a technique employed to evalu-

ate RE capacity. The exposure of rats to 800 r

whole body X-irradiation resulted in a failure to

restore normal phagocytic function after the ad-

ministration of a large dose of colloidal carbon

which resulted in an impaired activity of the RES.
The diminished capacity of the RES and the de-

creased ability of the RES to proliferate following

high levels of radiation exposure may well account

for the greater susceptibility of the animals to in-

fection. The vahdity of this concept was sup-

ported, in part, by the observations that the ad-

ministration of RES stimulants such as endotoxins,

zymosan, or Bacillus Calmette Guerin, which pro-

duces proliferation of phagocytic cells and a result-

ing hyperfunctional state, was found to signifi-

cantly reduce mortality in animals subjected to

less than LDioo dose of X-rays. In contrast, the

presence of an RE hyperfunctional state induced

by zymosan or glucan at the moment of, or subse-

quent to, radiation exposure did not modify the

effects of an LDioo dose of X-rays. However, the

exposure of mice with induced RE hyperfunction

and hyperplasia to lethal ionizing radiation did not

alter the hyperfunctional state, demonstrating that

the newly formed phagocj^tic cells do not manifest

enhanced susceptibility to ionizing radiation.

The proliferation of RE cells after sublethal

whole-body X-irradiation in response to repeated

intraperitoneal injections of the colloidal dye.

Trypan blue, was comparable to that of dye-in-

jected, nonirradiated animals. In contrast, the post-

irradiation administration of trj^psinized zymosan,

a potent RES stimulant, to lethall}'' irradiated mice

was associated with a failure to induce a com-
parable degree of RE hyperplasia and hyperfunc-

tion as that observed in normal mice treated with

the RE stimulant. It is obvious that a certain de-

gree of radiosensitivity of the mechanisms exists

whereby enhanced phagocytosis and RE cell pro-

liferation occurs after the administration of zymo-
san or other RE stimulating agents.

Since significant increases in liver and spleen

weights as well as a maintenance of normal phago-

cytic function occurred in the X-irradiated, RE
stimulated animals (in contrast to the depressed

state observed in the control group), an increased

threshold for activation of the RES after lethal

radiation exposure was also postulated.

Although lack of morphological evidence of in-

jury to RE cells following radiation exposure has

led to the concept of the radioresistant nature of

these cells, functional ability and capacity is ob-

viously impaired in X-irradiated animals, resulting

in depression of normal host resistance to a variety

of agents. It is obvious that the RES should be

considered a radiosensitive system. These compos-

ite studies also reveal that the presence of a nor-

mal or hyperactive RES in X-irradiated animals

is a desirable state to combat the entrance of en-

teric bacteria which characterize postirradiation

infections. They suggest that the use of RE stimu-

lants to increase host resistance may be an im-

portant adjunct to radiation therapy.
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ROCK ANALYSIS BY FLUORESCENT X-RAY SPECTROG-

RAPHY

The relative speed and low cost of fluorescent

X-ray spectrographic analyses has led to consider-

able interest in its apphcation to routine rock

anabasis. This has resulted in several analytical

techniques which yield results comparable to those

obtained by conventional "wet chemical" tech-

niques. The methods determine total Fe, Mn, K,

Ti, Ca, Si, Al and Mg. A technique for Na has re-

cently been developed.

Rocks have very diverse mineralogy, chemical

composition and texture. The manner in which an

element is distributed throughout the rock will

affect the intensity of its fluorescent radiation.

This "matrix" effect can lead to widely divergent

results for two samples whose chemical composi-

tion is identical, but whose mineralogy is markedly

different. In addition, low atomic number elements

have a low fluorescent yield and their radiation is

strongly absorbed by the other elements in the

sample, by detector windows, or by any air re-

maining in the optical path. These light elements,
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notably Mg, Si, Al and Na, present the problem of

obtaining a favorable peak to background ratio

with sufficient intensity to permit quantitative

analysis within the desired precision of measure-
ment.
The use of helium or vacuum optical paths to-

gether with a selection of analyzing crystals, flow

counters and pulse-height analyzers has permitted
analysis of the elements down to atomic number
12 (Mg). By use of electronic or physical discrimi-

nation against unwanted radiation the peak to

background ratio for the light elements has been
improved to the point where quantitative analyses
can be made on a routine basis. Use of an Al target

tube of special design^ permits quantitative analy-
sis for Na.

Solution of the ''matrix" problem has been ap-
proached by Chodos et aV- ^' * by restricting them-
selves to suites of samples of a hmited chemical
and mineralogical range. Baird et al.^ have used a
borax fusion technique similar to that of Claisse*^

followed by grinding and pelletizing. Rose et aV
have used a lithium tetraborate fusion technique
similar to that of Andermann,^ together with the
addition of La203 as a heavy element absorber in

the manner suggested by Claisse.*^ The fusion mix-
ture is then ground and pelletized.

The technique of Chodos et al. has the advan-
tage of simplicity and speed as only fine grinding
of the sample is required. However, sets of stand-
ards are necessary which are close in composition
and mineralogy to the samples. This hmits the ap-
plication of the technique. The fusion techniques
serve to reduce the number of standards necessary,
but involve considerable sample handling and a
necessary loss of sensitivity to dilution. Baird et

al^ do not report Mg due to loss of sensitivity

when using W excitation, while Rose et al^ report
that they can analyze for Mg with their fusion
technique and equipment.
In Table 1 are summaries of published data, ex-

pressed as C, the coefficient of variation or relative

standard deviation [C = (std. dev./mean) X 100].

Chodos et al?- * are reporting deviations from
chemical analyses, whereas Baird et aU^' ^°' '^ are
reporting the total variance for each element based
on a large series of analyses involving variations
in length of fusion time, replicate preparations of

the same sample, and replicate runs in the spectro-

graph.

The analysis for sodium as well as greatly im-
proved results for magnesium have been achieved
by Baird et al}^' ^ Using the aluminum target tube^
at 10 kv and 150 ma and a gypsum crystal, in-

tensities of 145 cps with a peak to background ratio

of 45 : 1 have been achieved for 2 per cent Na in a
rock. The same rock has yielded approximately the
same intensity for 0.25 per cent Mg with a peak to
background ratio of 25:1. The samples are ground
to a particle size about 5 microns and are not fused.
Precision measurements are shown in Table 1.

The development of fusion techniques which
are useful over wide ranges of composition have
increased the reliabihty of the X-ray technique.
With the development of the Al target tube, the
sensitivity has been vastly increased for Mg and

Table 1. Coefficient of Variation for the
Common Elements in Rock Analysis.

Range of

Element as the Oxide Concen-
tration,

wt.%
c,%

Total Fe as FeoOs c* 8-17 1.6

Bt 2-7 1.1
CaO C 7-12 2.4

B 2-5 1.0
K2O C 0.4-2 4.4

_B 3-6 1.3
Ti02 C 1-2 8.0

B 0.2-1 2.0
MnO C 0.1-0.3 10.0
SiOo C 39-45 1.1

B 56-70 0.4
A1203 C 11-14 4.6

B 15-22 3.7
MgO C 6-10 3.5

B 0.2-7 2-6

Na20 B 2-5 1-2

* Data summarized from references 3 and 4. See text,

t Data summarized from references 5 and 12. See text.

the analysis for Na made possible. These advances
indicate that the X-ray technique will replace con-

ventional chemical methods for routine rock analy-

sis.
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ROCK STRUCTURES, RADIOGRAPHY OF

Many details of the internal structure of sedi-

mentary rocks are obscure or completely invisible

so that the rock appears to be completely homoge-

nous and isotropic. Such rocks are typically de-

scribed as "massive" or "structureless" and are

thought to represent sedimentary processes dis-

tinctly different from those that produce well-

stratified deposits. Hamblin' recently demonstrated

that stratification and other structural units in

"homogeneous" sediments can be clearly deline-

ated by radiography and that massive or thick

bedded deposits actually contain delicate internal

structures reflecting various physical conditions at

the time the rock was deposited. Inasmuch as

sedimentary rocks develop by vertical and lateral

accretion, theoretically there should be some

change between layers of grains. These variations,

no matter how shght, will generally produce cor-

responding density variations, although there may
be no accompanying visible change in color or

texture. If X-rays are transmitted through a shce

of rock, variations between layers sufficient to

cause differences in absorption of radiation can be

recorded on photographic film and will outline the

internal structure of the rock in remarkable de-

tail.

Radiographs of rock structures may be made
with either a medical or industrial X-ray unit and

many subtle details can be greatly enhanced by

LogEtronographic printing. Rock shces 2 to 5 mm
thick produce the sharpest negatives although good

results may be obtained from specimens more than

2 cm thick. Inasmuch as there is generally only a

slight difference in the absorptive quahties between

layers of grains it is desirable to use the lowest

possible kilovolt setting and to achieve maximum
contrast in developing and printing. Best results

are obtained from specimens approximately 3 mm
thick exposed for 2 seconds at 35 kv and 30 ma
from a distance of 36 in. Nonscreen ready-pack

medical film or any fine-grain, high-contrast indus-

trial film is entirely satisfactory.

Figure 1 illustrates the type of structural detail

obtainable by radiographic technique. Photo-

graphs of three specimens of "homogeneous" sand-

stones are shown on the left (A, B, and C). All of

the samples are remarkably similar in physical ap-

pearance, texture, composition, etc., and there is

little or no expression of internal structures. From

observations on the outcrop and from standard

laboratory analysis of the hand specimen, these

three rocks would be considered identical, for all

practical purposes, and it would seem that they

were deposited under very similar environmental

conditions.

Radiographs of each specimen are shown on the

right {D, E, and F). Details of internal structures

are outlined by differences in the absorption of

X-rays by the various constituents of the sample.

Even though the rocks appear to be completely

homogeneous and isotropic in the hand specimen,

it is clear that the individual grains in each sample

are arranged into definite structural units. Speci-

men A consists of horizontal laminae produced in

(luiet waters as the individual particles settled out

from suspension. The internal structure in speci-

men B, however, is strikingly different. In consists

of microcross-laminae formed by current action

with sedimentation occurring only on the lee slope

of sand waves or ripples. Burrowing organisms

have disrupted much of tlu^ original structure in

specimen C which must ha\c been some form of

microcros.s-lamination.

In detailed work special radiographic techniques

may be employed with very satisfying results. For

example, the three-dimensional relationship be-

tween structures, or even between mineral grains

can be studied effectively by using stereoscopic

radiography. It is therefore possible to determine

the orientation of current structures within the

rock which would indicate the direction of sedi-

ment transport at the time of deposition. This in-

formation is extremely important in determining

subsurface trends of sandstone bodies for petro-

leum exploration, and source areas and regional

paleoslopes for paleographic reconstructions.

Radiography greatly supplements the petro-

graphic microscope in the type of data obtainable.

In microscopic work the field of vision is too small

to show structural relations but reveals only varia-

tion in composition and texture. With radiography,

however, samples over 15 in. long and 6 in. wide

can be handled conveniently which permits study

of the geometric relations of internal features in-

visible to the naked eye and too large to see under

the microscopes. Careful analysis of a radiograph

of a rock slice will generally provide amazing de-

tails of internal structures obtainable in no other

way. Internal structures in a sedimentary rock are

particularly significant in that they constitute the

building blocks of a rock body and generally will

directly reflect the plwsical conditions present at

the time the sediment was deposited.

One of the most promising applications of ra-

diography in geology is in the study of fluid flow

through a rock body. Some fluids are opaque to

X-rays and can easily be detected in a specimen

by radiography. With cineradiography, or by
making radiographs in sequence, it should be pos-

sible to observe directly the movement of fluids in

the interior of a rock. The effect of inhomogenei-

ties and internal structures of a rock upon fluid

flow could thus be visually analyzed which would
be extremely significant in research concerned with
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Fig. 1. Illustrations of the type of data obtainable from sedimentary rocks by radiographic

techniques. Photographs of typical specimens of seemingly homogeneous sandstones are

shown on the left (A, B, and C). Radiographs of each specimen are shown on the right (D, E,

and F). The radiographic exposure was made on Ilford non-screen medical X-ray film with

a medical X-ray unit operated at 35 kv and 30 ma. Exposure time was 2 seconds with the

film 1 meter from the tube window. Specimens are approximately 3 mm thick.

ground water, petroleum migration and secondary

recovery methods. It should likewise be feasible

by making radiographs in sequence, or by cine-

radiography, to observe the manner in which rocks

are deformed internally as a specimen is subjected

to pressures. In brief, radiography provides an en-

tirely new approach to the study of rocks and

should find many new and important applications

to geologic studies.
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ROENTGENOGRAPHY WITH DIRECTLY ENLARGED IMAGES

This is a method for obtaining an enlarged and

finer X-ray image than that by the usual roent-

genography or that with two times magnification.

Roentgenographs are made not indirectly as in

contact microradiography (q.v.) but directly. The
enlargement ratio of this method is obtained at

present up to four times when applied to the

head, chest and abdomen. For the extremities or

tips of the finger that ratio may be as high as 15

times (Figs. 1,2).

A rotating anode X-ray tube having very small-

sized focal spot (less than 50 /x) is used for the

roentgenography. The X-ray tube is different in

construction from the usual X-ray tubes. Two fo-

cusing caps are mounted in the outer side of the

heating filament with negative and positive po-

tentials for producing a narrow electron beam.
On the radiogram there exists the relationship

A'B' = AB{a + b/a), where the size of the X-ray
image of an object is A'B', that of object, AB, the

distance between the focus of the X-ray tube and
the object, a, and the distance between the object

and the film, b (Fig. 3).

Thus the smaller the distance a and the longer

the distance b, the greater is the enlargement
ratio.

In this radiography dullness of the X-ra.y image

Fig. 1. Normal (1:1) radiogram of the tip of

the toe.

H
Fig. 3. Relation between enlargement ratio and

sharpness of x-rav image.
AB—Object.
A'B'—X-ray image.
H—Penumbra.

l^PiW^

Fig. 2.

the toe.

Magnified (15:1) radiogram of the tip of

caused by penumbra must be minimized to less

than 0.2 mm. The size of the penumbra, H, at the

edge of the X-ray image is related to the size of

the focal spot F b}^ the formula H = F{b/a). For
making H less than 0.2 mm, the size of the focal

spot must be ver}^ small (Fig. 3).

Actuall.y the patient is examined first by the

routine normal roentgenograph}', from which the

part to be enlarged is determined. For four-times

magnification the distance between the focal spot

and radiographic table is 25 cm, and that between
the table and film is 75 cm, when the patient is

laid on the radiographic table (Fig. 4).

For the chest the exposure factor for X-rays
generated at 125 kv, 2 to 3 ma, is 0.05-0.1 second;

for the head, 0.30 sec. and for the abdomen, 0.2 to

0.3 sec.

The method is applicable clinicall.y to any part

of the body. Fine X-ray image details likely to

be missed from our reading at normal roent-

genography are obtained. Early detection of mi-
nute changes on the radiogram becomes possible

and therefore it is useful for early diagnosis of

lung disease, such as silicosis, tuberculosis and
malignant neoplasm.

This method is also applicable for roentgenog-

raphy with contrast media such as bronchography
or angiography to give a clearer image than that

in normal roentgenography.
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Fig. 4. Roentgenography at high magnification
in action.

C—Film cassette.

P—Patient.
T—X-ray tube.
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ROTATING AND OSCILLATING CRYSTAL DIFFRACTION

METHODS

The rotating crystal method, because of its sim-
plicity, is one of the commonly used techniques

in the diffraction studies of single crystals; for ex-

ample, in the early stages of a structure analysis

when information with regard to unit cell dimen-

sions and space group are sought, it is employed
very frequently. On the other hand, due to the

overlapping of the diffraction spots which is the

usual difficulty in this method, rotation photo-

graphs pose a certain amount of ambiguity in in-

dexing and carrying out a complete intensity

measurement of the recorded spectra. However,
the oscillation photographs which are recorded

using a sHght modification of the rotating crystal

arrangement are often used to overcome these

difficulties.

The crystal, in the rotating crystal arrangement,

is mounted on a goniometer head which, in turn,

is attached to the end of a rigid spindle. A mono-
chromatic beam of X-rays, with its direction nor-

mal to the spindle axis, strikes the crystal after

passing through a colHmating system. Usually a

worm-gear arrangement (or a pulley) driven by
a small electric motor is employed in rotating the

crystal, and when the crystal is to be oscillated,

a cam-and-follower mechanism is substituted for

the gear arrangement. A typical modern rotation-

oscillation camera, also useful for other purposes,

is illustrated in Fig. 1.

Before taking a rotation photograph, the crv^s-

tal is oriented using the angular adjustments of

the goniometer head such that one of its rational

crystallographic axes is set parallel to the rota-

tion axis. In terms of the reciprocal lattice con-

cepts, as the crystal rotates, reciprocal lattice

layers normal to the rotation axis intersect the

reflection sphere, and as shown in Fig. 2, dif-

fracted beams confined to the generators of con-

centric cones originate from the center of the

reflection sphere and are intercepted by the cy-

lindrical film of radius Tf surrounding the crystal.

When the film is opened and made flat, the loci

of the diffraction spectra appear as parallel straight

lines. Each row, or the so-called layer line on the

film, consists of reflections corresponding to a

given reciprocal lattice layer; for example, the

spots in the central or the zero layer line passing

through the direct beam trace correspond to the

Fig. 1. General-purpose camera (Nonius) for

rotation and oscillation patterns (also Laue, pow-
der, etc.).
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5ECTIOW OF The

CyLiMDRiCAL Film

X-RAV

(^PLection Sphere

R.OTATIOKJ Axis

Fig. 2. Origin of rotation diffraction pattern in terms of reciprocal lattice of cr3'-stal.

zero-level reflections, those in the layer line above

it correspond to the first level of the reciprocal

lattice, and so on.

The procedure for indexing a rotation photo-

graph can be discussed by considering in Fig. 2 the

relation between the reciprocal lattice coordinate

and an orthogonal coordinate system taken on the

film to define the reflection spots. The reciprocal

lattice point A is defined by its position vector

H, which from the geometrj^ of Fig. 2 is given bj'

S = In + i (1)

Where fn is the height of the nth reciprocal lattice

level with respect to the reciprocal lattice origin,

0', and ^ is the distance between the point A and
the nth level origin 0". As the crj^stal rotates, the

point A intersects the reflection sphere at A'; the

direction of the diffracted beam is OA' and it is

recorded on the film at A". Let the coordinates of

A", in terms of the coordinate system taken on

the film, be (x,y). From the geometry of Fig. 2 it

can be shown that x and y are given by

and

27r/7
X = COS

360°

y = Tf

r^ - e

2Vl - f^

Vi - f^

(2)

(3)

B3' measuring x and y coordinates of each reflec-

tion spot on the film, the corresponding reciprocal

lattice coordinates f and | may be solved for ana-

lytically with the aid of (2) and (3). Alterna-

tively, a graphical procedure which is less time

consuming may be used. This consists of preparing,

in advance, a graph of a; as a function of y for

small increments in the values of f and | (using

[2] and [3]) and drawing smooth lines through

equi- ^ and | points on the graph. This chart, which

can be used for all photographs taken in a camera

of given radius, is known as the Bernal chart, after

J. D. Bernal, who first introduced it, and is avail-

able commercially. An illustration of this chart is

shown in Fig. 3. To derive the reciprocal lattice

coordinates, the rotation photograph is laid over

the chart, and after aligning the two properly

(the direct beam trace and the zero layer line on

the film should coincide, respectively, with the

origin and the ^ = line of the chart) the f and ^

values of each reflection spot are read off directly

from the chart.

Note that, although the above discussion is

based on a cylindrical film, a flat film can also be

used, instead. The general procedure for deriving

the reciprocal lattice coordinates is the same;

however, because of geometrical reasons, the forms

of (2) and (3) are different and, conseciuently, the

appearance of the Bernal chart differs somewhat
from the one shown in Fig. 3.
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(4)

Fig. 3. Bernal chart for rotation pattern.

The next step in the indexing procedure con-

sists of preparing scaled drawings of the reciprocal

lattice layers. This requires the knowledge of the

unit cell dimensions. If these are not known al-

ready, they are determined directly from the ro-

tation photographs taken with rotations around

appropriate crystallographic axes. In doing this,

advantage of the physical characteristics of the

crystal is taken to determine the directions of

these axes. For example, a plate-shaped crystal

may be expected to have an important axis normal
to its flat face, or if the crystal has the shape of a

needle, it is not uncommon to find a unique

crystallographic axis parallel to the axis of the

needle. Even when the crystal is of irregular shape,

observations under microscope often reveal traces

of natural growth faces which give indication of

rational axes. Thus, making use of the physical

characteristics of the cr.ystal, the unit cell axis is

aligned and subsequently oriented precisely paral-

lel to the rotation axis. The rotation photograph
taken with this setting provides the necessary in-

formation. The reciprocal lattice coordinate ^i

parallel to the rotation axis, and corresponding to

the adjacent layer line separation on the film is

read from the Bernal chart and making use of the

relation,

X/^ (4)

the required crystallographic translation T, or the

so-called identity period parallel to the rotation

axis is calculated. Obviously, the number of such

rotation photographs necessary to determine all

the three axes of the unit cell depends on the

symmetry of the crystal. For example, if the crys-

tal is cubic, only one photograph with rotation

around any one of the unit cell-axes is sufficient;

however, if it is triclinic, three such photographs,

one for each of its three axes, are required to

derive all the necessary information.

Knowing the direct cell constants, the reciprocal

cell dimensions are calculated readily, and scaled

drawings of the reciprocal lattice layers normal

to the rotation axis are prepared. For a given

layer, all reflection spots on the film have a con-

stant f value, and thus their common index is de-

termined by the value of ^. Assuming that the

crystal is rotated about the c axis, the reciprocal

lattice points of the nth layer normal to the ro-

tation axis have the general indices hkn. Here n

is an integer determined by the value of f ac-

cording to the relation

^n = nfi (5)

where fn corresponds to the height of the nth re-

ciprocal lattice level and ^ to the distance between

two adjacent levels. The remaining two indices

(h and k in the above example) are determined

from the | value of the reflection spot. The graphi-

cal procedure for accomphshing this is straight-

forward, and consists of comparing the lengths of

the various reciprocal lattice vectors in the graph

with the £ value of each spot. When a reciprocal

lattice point is found whose distance from the

origin matches with a particular | value, the cor-
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05CILLATI0H

h'" Level- Reciprocal Lattice. -

Fig. 4. Oscillation pattern in terms of reciprocal lattice of cr3'stal.

responding reflection spot is assigned the indices

of the reciprocal lattice point.

On the basis of the foregoing discussion, a seri-

ous disadvantage of the rotation method can be

pointed out. I^is obvious that if the reciprocal

lattice vectors H of two or more reciprocal lattice

points have the same magnitude, that is, if their

f and i components are the same, then the corre-

sponding reflection spots on the rotation photo-

graph will superimpose. However, the fact that

only the magnitude but not the directions of two

vectors joining the origin and any two reciprocal

lattice points in a given layer can ever be same
provides the clue to a method for overcoming this

difficulty. In the resulting oscillating crystal ar-

rangement, the crystal, instead of being rotated,

is oscillated through small angles, usually 5° to

20°. This restricts the reciprocal lattice points

which get to intersect the reflection sphere to

small regions of the reciprocal lattice layers, and
ensures that during a single exposure no overlap-

ping occurs on the film. To obtain the entire record

of the various layers, several photographs are

taken, with consecutive oscillation ranges, each

range overlapping the preceding one by 1 to 2°.

The actual number of such oscillation photographs

necessary is determined by the symmetry element

parallel to the rotation axis, and, of course, the

angle of oscillation.

The general procedure for indexing a rotation

and an oscillation photograph are similar except

that in the later case, since only the points in a

small range of the reciprocal lattice get to inter-

sect the reflection sphere, it is necessary to identify

this range with respect to the rest of the reciprocal

lattice, at least, for one of a group of oscillation

photographs. A simple way to accomplish this is

to set one of the crystallographic axes (guided

again by any natural growth faces present in the

crystal) parallel to the X-ray beam for the first

oscillation photograph. Since the reciprocal lat-

tice of the crystal including the symmetrj^ and the

translations parallel to the rational axes are known
in advance from the rotation photographs, the ori-

entation of the reciprocal lattice region which in-

tersects the reflection sphere during the oscillation

is easily identified. For convenience in graphical

representations, the oscillation process is consid-

ered b3^ imagining the reciprocal lattice to be sta-

tionary, while the reflection sphere and the inci-

dent beam are given the necessary oscillation

about the rotation axis. In practice, two positions

of the reflection circle (the circle of intersection

of a reciprocal lattice layer and the reflection

sphere) corresponding to the two extremes of the

angular oscillation are drawn on a transparent

paper (See Fig. 4.) Note that the radius, Rn of

the nth. reflection circle depends on the height

{^n) of the nth reciprocal lattice level and is cal-

culated from the relation

Rn= Vl - U (6)

The transparent paper is superimposed over the

reciprocal lattice chart such that the mean os-

cillation direction and the crystallographic direc-

tion initially set parallel to the X-ray beam coin-

cide, and the circumference of the reflection circle

is displaced from the origin of the reciprocal lattice

layer by an amount (See Figs. 2 and 4.) \ — Rn

.

For the zero level, Rn being 1, the displacement
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is zero, and the circumference of the reflection

circle is placed directly over the origin (or the

rotation axis). Otherwise it is displaced as shown

in Fig. 4. The reciprocal lattice points lying in the

shaded region of Fig. 4 only get to intersect the

reflection sphere during a single exposure. There-

fore, no ambiguity need arise in assigning indices

to the reflection spots by comparing their | values

as described above. In indexing other oscillation

photographs of a series taken with consecutive

crystal settings the same procedure is followed,

except that care is taken to rotate the reflection

circles on the transparent paper to the new mean
direction of oscillation.

For detailed treatments of the rotating crystal

and the oscillating crystal methods, reference

should be made to the works of Buerger,^ and

Henry, Lipson and Wooster.^
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ROTATION PATTERNS. See Diamond, Natural and Syn-

thetic; Reciprocal Lattice in Fiber and Single-Crystal

Analysis.

RUBBER: CRYSTALLINE AND AMORPHOUS PHASES. See
Polymer Crystallinity.

RUBBER MICRORADIOGRAPHY

Microradiography is an extremely useful tech-

nique for studying the distribution of pigment
fillers that are used in rubber.^ Most rubber poly-

mers are hydrocarbons which are quite transparent

to soft X-radiation. The majority of the pigment
fillers that are used in the reinforcement or color-

ing of rubber are higher in X-ray absorption and
are therefore opaque in areas of high concentra-

tion.

The importance of achieving good pigment dis-

persion in rubber compounding is well-known.^

Undispersed pigment agglomerates can have a

twofold degrading effect. Besides forming struc-

tural weak spots in a rubber stock they also ac-

count for a lowering of the pigment loading else-

where. Tensile strength and abrasion resistance are

among the more important properties that can be
seriously lowered.

Specimen Preparation. Samples of rubber can
be most suitably prepared for microradiographic

examination by means of microtomy. First a small

block of the rubber is embedded in a water-solu-

ble glue and hardened by freezing. Sectioning can
best be done on a sturdy sledge type microtome

Fig. 1. Rubber specimen being microtomed for
microradiographic examination.

kMi^^

Fig. 2a. White sidewall of SBR tire showing
uniform dispersion of zinc and titanium oxides. 62X.

with either steel or glass knives. How^ever, steel

knives are preferable because of less tendenc3' to

curl the sections.

The freezing action can be accomplished with

a conventional carbon dioxide stage or by means
of a special mount for liquid nitrogen freezing.^

This latter type mount consists vevy simpl}^ of a

brass screw with a grooved top which is threaded
into an insulating block of Teflon. Freezing is ac-

complished by complete immersion of the mounted
specimen into Uquid nitrogen, usually for a min-
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^ .f;^K-;j
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Fig. 2b. White sidewall showing
dispersion. 62 X.

poor i)igment

ute or less depending on the type of rubber and

the pigment loading. In Fig. 1, the hquid nitrogen

type mount is shown in position for sectioning on

a Leitz Sledge ''Microtome."* The frozen state of

the rubber can be maintained for several minutes.

One of the advantages of microradiographj- over

light microscopy is that relatively thick prepara-

tions can be examined. Sections in the range of

10 to 40 microns thickness are quite suitable. These
are easily picked up with tweezers and flattened

without resorting to the swelling action of a sol-

vent, which is usually needed to uncurl very thin

sections of rubber. Microradiography is therefore

readily applicable to the study of rubber com-
pounds either in the vulcanized or unvulcanized

state.

Standard Contact Microradiography. A No-
relco CMR Unitt (Tungsten radiation \ 3 to 12A)
has proven to be an ideal instrument for the study

of rubber. A good practical operating voltage is

3.5 kv which will generally require a 4 to 5 min.

exposure on Eastman Kodak Spectroscopic Film
649/0. Exposure time will of course depend on the

loading and type of pigment contained in the

rubber.

Figure 2 shows an example of good and poor

pigment dispersion in a compound used for white

sidewalls on styrene-butadiene (SBR) passenger

* E. Leitz, Inc., New York, N.Y.

t Philips Electronics, Mount Vernon, N.Y.

car tires. The pigments contained therein are a

blend of zinc and titanium oxides at a combined

loading of about 50 per cent by weight. These

radiograms are printed as negatives. The opaque

areas of pigment agglomeration therefore show up
as white spots.

The pigment most commonly used to reinforce

rubber is carbon black. Although not as opaque

to soft X-radiation as inorganic pigments such as

zinc oxide, carbon agglomerates in rubber can

nevertheless be resolved hy microradiography.

Figure 3 shows two SBR tread compounds each

containing slightly over 30 per cent by weight of a

small particle size, high abrasion resistance t3^pe of

carbon black. These stocks (black rubber master

batches) were mixed by means of a special process

wliich directly incorporates the carbon with the

rubber latex and subsequentlj^ coagulates them
together.* The stocks as shown here do not repre-

sent finished treads. Sample A shows the carbon

black distributed fairly evenly in fine streaks (ap-

pearing light). These will usually blend out uni-

formly during the final mixing cycle prior to

\ulcanization. Sample B shows a much less uni-

form dispersion. Large clumps of black as shown
h(>re are much more apt to leave residual agglom-
erates in the finished tread which will as a result

have less resistance to abrasion.

Tensile Techniques. Because of their thickness

and case of liandhng the rubber specimens used

for microradiography' make ideal "micro test

Fig. 3a. SBR tread mix showing good incorpora-

tion of carbon black. 100 X.
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pieces." Modified specimen holders capable of

exerting tensile stress on the sample can readily

be adapted to the Norelco CMR Unit. Two ver-

sions of these are shown in Fig. 4. Holder A
stretches the sample completely in the same plane

Fig. 3b. SBR tread mix showing poor distribu-

tion of carbon black. lOOX

.

Fig. 4b. Tensile specimen holder for microradi-
ography.

Fig. 4a. Tensile specimen holder for microradi-
ography.

Fig. 5a. Tread section under strain (200% exten-
sion) indicating poor wetting of the carbon black.
lOOX.

with any practical elongation being possible. Two-
directional stress can also be applied. This speci-

men holder requires that a special slotted port be

mounted on the tube-housing of the CMR. The
smaller holder shown in Fig. 4B fits the standard
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tendency toward specimen drift is minimized by
exerting slight pressure against the rubber with the

recording film.

Using the tensile technique one can often achieve

a better interpretation of the effects of pigment
dispersion on rubber reinforcement. It has been

observed that the degrading effect of undispersed

pigment agglomerates varies according to the

"wetting action" of the rubber, Verj^ few agglom-

erates are composed entirely of dry pigment. The
greater the penetration of rubber within the ag-

glomerate the less damaging it is. Relatively dry

agglomerates will break apart readily under strain

;

highh' wetted agglomerates will not. Figure 5

shows examples of good and poor wetting in car-

bon loaded treads. Tread A is oil-extended SBR.
The dark areas within or around the pigment ag-

glomerates indicate breaks. Tread B is ClS-pob^-

butadiene, a poh'mer which has shown particularh'

good wetting action. Both the A and B specimens

were 40-micron thick sections X-rayed while at an
elongation of 200 per cent.

Figure 6 shows another tensile device called a

"Micro-Extender." It is used to stretch and relax

the rubber specimens repeatedly prior to X-ray
examination. The amount of extension can be
varied by means of a series of eccentric-drive

wheels. The rate of extension is controlled either

manuall.y or by a motor drive.

The Micro-Extender can be used to subject

Fig. 5b. Tread section under strain (200% exten-
sion) showing good wetting of the carbon black.

100

Fig. 6. Micro-extender for stretching tubber
specimens prior to examination by microradiog-

raphy.

port but is limited to a specimen extension of ^,

about 2 to 3X. Because of limited space it also

requires that the specimen be drawn downward FiG. 7a. Poorly dispersed treat section X-rayed in

over rollers. In both of these sample holders the relaxed state. 75X.

•*f!sKt;^if»S^SSi. „ -»«g^^» ^Ct^Ars
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Fig. 7b. Same tread section after stretching treat-
ment on micro-extender. 75X.

rubber specimens to treatments of varying severity

while periodically X-raying them with either the
standard or tensile specimen holder. This tech-

nique has been apphed to the study of flex cracking
in SBR treads and has shown that with repeated
extension small cracks or tears will form at an
agglomerate of undispersed pigment. Figure 7

shows a very poorly dispersed tread section before
and after a fairly mild stretching treatment at 50
per cent extension. A crack can be seen emanating
from a very large carbon agglomerate which was
quite "dry" as evidenced by a void area in its

center before the stretching treatment. After re-

peated extension it shows a shattered appearance.
Summary. Microradiography is a useful tool in

the study of rubber as

:

1. A method of observing the distribution of the
various fillers that are contained therein.

2. A simple means of examining specimens under
strain.

3. A technique for employing specimens as micro
test pieces which can be subjected to various forms
of treatment and then re-examined.
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SALTS OF AROMATIC ACIDS. See Dispersing Devices.

SALTS OF FATTY ACIDS. See Dispersing Devices.

SAMPLE PREPARATION, LAYER-LATTICE SILICATES. See

Layer-Lattice Silicates: Identificolion and Analysis;

Medical Problems.

SAMPLE PREPARATION FOR POWDER DIFFRACTION

Recrystallization. A substance in order to yield

an X-ray diffraction pattern with sharp maxima

suitable for identification purposes must have an

ordered structure. A solid must be cry^stalline, not

necessarily in its external appearance or macro

structure, but, in the sense used here, with a regu-

lar arrangement of its atoms in its micro or sub-

micro structure. Without this, it does not give

sharp maxima in its diffraction pattern and is said

to be amorphous. Substances differ widely in their

crystalline character: sodium chloride is invari-

ably crystaUine, whereas sodium sihcate is often

glassy or amorphous but can be made crystalline.

A material which does not yield a diffraction

pattern, or which yields a poorly resolved pattern

because it is amorphous or mainly so, should not

be abandoned. In many cases it is possible to

convert it to a crystalline condition. While there

are many variables in this operation (and some

would call it an art), there are a few important

principles

:

1. An opportunity must be provided for the

molecules to rearrange into an orderly structure.

2. The crystalHtes must be grown large enough

for optimum refraction.

3. Conditions under which the desired crj^stal-

line phase is unstable must be avoided.

Opportunity for rearrangement is provided by

crystalhzation from the vapor state, in the solid

state and in solution.

Crystallization from the vapor state is success-

ful because of ordered growth. If done slowly,

long needles often result. An amorphous solid may,

in some cases, be crystalhzed by "tempering;"

i.e., heating for a prolonged period below the melt-

ing point to allow rearrangement of the atoms. It

may be possible to add a flux to induce partial

melting shghtly below the melting point and cause

crystallization, after which the flux can be re-

moved. Actually melting the material often gives

disappointing results if cooling is too rapid, as too

many small crystallites or even glassy structures

are formed. Heating will convert polymorphs, such

as exist for a number of substances (e.g., carbon

tetrabromide^), to the more stable form at that

temperature.

Crystalhzation from solution is probably the

most common method and will usually give favor-

able results. A saturated solution can be cooled to

reduce the solubihty, or the solvent can be par-

tially evaporated to induce crystalhzation. Single

crystals are often grown by carefully forming a

supersaturated solution and adding a seed crystal.

Addition of a nonsolvent (preferably miscible with

the solvent) to a solution will yield crystals, and

conversely, so will the removal of a solvent from

a solvent-nonsolvent system. For example, an

acetone solution of a soHd can be diluted with

water (nonsolvent) to the point of incipient pre-

cipitation, then placed under vacuum to slowly

remove the acetone and cause crystal formation.

If the material is soluble in acidic but not basic

solution, its acid solution can be gradually made

less acidic, as by removal of a volatile acid or by

addition of a base. The latter may be achieved in

a number of ways: direct addition of a reagent

either as a solution or a gas, electrolytic generation

of OH- in a cathode compartment, decomposition

of urea by boiling, addition of an ion exchange

resin, or any other suitable scheme. For example,

single crystals of AgsPOi have been grown by

Helmholz- from aqueous ammoniacal solution by

allowing the ammonia to escape slowly. Addition

of a common ion to a saturated solution, as by

slow solution of a nearly insoluble reagent,^ by

dissociation of a complex, or by hydrolysis of a

compound as in the technique of homogeneous

precipitation,* will often induce crystalhzation. In

some difficult cases, ciystals have been formed by

interfacial reactions, as between two immiscible

solvents, by diffusion between two layers of the

reactants in solidified gelatin, or by diffusion

through a cellophane membrane.' Diffusion of solu-

ble salts through a common solvent so as to ob-

tain very slow mixing has been successful.^

To encourage growth of large crj'Stals, the

crystallization should take place slowly. This will

avoid formation of too many nuclei and resultant

small crystalhtes. Particles from a "milky" sus-

pension are usually too small for X-ray diffraction.

It is helpful to examine suspensions under a micro-

scope (150 X) to obtain a rough idea of particle

size, although it is recognized that particles too

small to be resolved by an optical microscope may
still be useful for diffraction.

The conditions for recrystallization must be con-

trolled so that the composition of the material is

not changed. Otherwise all is lost. It may be

necessary to exclude the atmosphere to avoid re-

action with oxygen, carbon dioxide, or water

vapor. On the other hand, an atmosphere of one

952
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of the reactants may be desirable, such as am-
monia for stabilizing triammonium phosphate

which otherwise dissociates to the diammonium
salt. Seemingly innocuous solvents or nonsolvents

may react with the compound. For example, con-

tact of disodium phosphoramidate, Na2P03NH2

,

with methanol will yield the monosodium mono-
hydrogen salt. Transition temperatures must be
considered. For example, hydrates or other solvates

often exist within a limited temperature range. It

may be desirable to determine their transition

temperatures to know the safe-handling conditions.

Variations in the X-ray diffraction patterns may
be a clue to the presence of mixed hydrates, as,

for instance, if repeated exposure of the sample to

the atmosphere or storage under various condi-

tions (drying, saturated solution, etc.) leads to

appearance or disappearance of a set of lines in the

pattern.

Random Orientation. The reproducibility of

the relative intensities of the patterns obtained

by the powder technique depends upon the ab-

sence of preferred orientation. If, for example, the

crystals form as plates or as needles, crystals tend

to align themselves in such a way that diffraction

from certain planes is greatly enhanced while that

from others is diminished, sometimes to the point

of extinction. For monocrystalline materials, ran-

dom orientation is most easily obtained if they
have average size (maximum dimension) of about

Bfji. Most frequently, materials examined are not
monocrystalline but rather randomly oriented

polycrystalline aggregates; such substances of par-

ticle size of minus 325 mesh (<37/i) give satis-

factorily reproducible intensities. Samples that

are too fine can give ill-defined patterns due to

line broadening. Excessive grinding may also give

lattice distortions or stresses which cause line dis-

tortions and broadening.

Samples can be ground with a mortar and pestle,

made of agate, mullite, sapphire or boron carbide,

depending upon the hardness of the sample. Com-
mercial mills may be satisfactory, but usually give

contamination and may overgrind many materials

with resultant ill-defined patterns, lattice dis-

tortions, or stresses.

When a fiat powder specimen is used (as for re-

cording-diffractometer techniques), the surface be-

comes important because crystals of certain sus-

ceptible habits (plates or needles) are likely to

become preferentially oriented. The fiat powder
specimen should be packed into the holder against

a slightly roughened surface such as a ground glass

plate or a piece of tissue paper. The hills and cavi-

ties prevent the crystals from bang flat. However,
the degree of packing is important in getting re-

producible intensities since too much packing can
induce preferential orientation.

Other techniques that promote random orienta-

tion include mixing the sample with a very finely

divided noncrystalline powder (e.g., silica gel or

gum tragacanth) or a viscous oil. For quantitative

work the diluent should havj a low mass-absorp-
tion coefficient with respect to the specimen, thus
causing little sacrifice in over-all intensity. Refer-
ence standards must be treated in the same man-

ner or appropriately corrected by mathematical
calculations.

Types of Specimen Mounts. Specimen mounts
for photographic techniques have been well cov-

ered in the literature. Among the most frequently

and universally used are the familiar capillary

tube, the wedge-type holder, rolled or extruded

fibers and rods, coated fibers, etc., all of which have
proved quite satisfactory for many applications.

Not so much has appeared about specimen
mounts for convenient use with the recording-

diffractometer. They are of two general types

—

open frame and a depression or cavity of suitable

dimensions in a solid block. The writers have
found the open-frame type to be easily and effi-

ciently used and also more readily adapted to

reproducible molding techniques.

It consists of a rectangular or circular opening

cut into a flat slab of suitably rigid material

—

aluminum, stainless steel, and ''Lucite" have been
found satisfactorily durable—that fits easily in

the particular instrument sample holder, but is

of sufficient thickness to allow compression of a

sample to a thickness that is greater than the

optimum required for diffraction. The aligning

surface is carefully machmed for flatness. These
frames can be made in any size, to accommodate
sample sizes, instruments, and applications. Gen-
erally, for quantitative work they should be suffi-

ciently large to intercept the entire beam at the

angles of interest; for qualitative work, they

should intercept the entire beam at some small

angle (5 to 10° 20) so that the holder itself does

not contribute to the background scattering. For
loading, the frame is laid against an appropriately

roughened (see above) but over-all flat surface,

and the sample is sifted in (as from a piece of

glazed paper) and packed with a tamp especially

constructed to just fit freely in the opening. In

picking up the specimen, it should not be al-

lowed to slip or drag along the molding block;

crystals of susceptible crystalline habit might
orient preferentially.

If the sample is not adequate, that is will not

stay in the holder when compressed, then a cavity

type holder is usually used. As with the open
frame, a roughened surface is preferred for com-
pressing the sample into the cavity, to prevent

preferential orientation.

Rod-shaped specimens with one flat end can be
handled nicely with an open-frame holder of suit-

able size, the rod being held in place bj^ strategi-

cally located deposits of wax or molding clay. Odd-
shaped specimens can be embedded in Lucite or

other suitable plastic and either cut or machined to

a suitable flat surface.

A widely discussed misconception about the

recording-difiractometer is the notion that much
larger samples are required than for camera work.

While this is true for certain applications, much
good and useful information can be gained with

samples of a size adequate for photographic tech-

niques. For example, for qualitative identifications,

especiall}^ when onlj^ the major component is of

interest, a sample large enough to fill a wedge-

type holder (roughly 0.1 cc volume) is more than
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enough for an excellent pattern with the diffrac-

tometer. Good patterns for this purpose have also

been obtained with samples only sufficient to fill

a capillary tube. These small samples are accom-
modated by improvising a cavity-type holder with

something as simple as a glass microscope sHde

having pressure-sensitive tape or other thin ad-

hesive along the edges to form the depression.

Care must be taken in locating the sample in the

depression so that the maximum incident beam
will be intercepted over the most useful angular

range. By careful attention to mass-absorption

coefficients of sample and of the material for con-

struction of this miniature sample holder, very

satisfactory semiquantitative results have been
obtained by simply using equal-size specimens of

the standard and the unknown.
Handling Sensitive Samples. For the photo-

graphic technique, samples can be quite effectively

sealed by fusing the ends of a capillar}- tube of

special thin-walled glass. For the recording-dif-

fractometer type of instrument, the following ap-

plies. Samples may be ground for powder patterns

either in a dry-box under a nitrogen atmosphere
or, if a hydrate, in a humidity-box so as to main-
tain equilibrium with the crj-stals. Alternatively,

grinding may be done with a mortar and pestle

under a saturated solution of the mother liquor

of the sample or in a small ball mill in a suitable

liquid. The sample ma3^ be mounted wet or pro-

tected by a thin laA'er of oil or plastic spray. For
example, the sample can be slurried in a solution

of the oil or plastic in a volatile solvent, then the

solvent allowed to evaporate. Better, the specimen
holder can be covered with a thin noncrj'stalline

film or highly oriented foil sealed in place with a

cement. The back of the holder is similarly

sealed. As an additional safeguard against loss of

a gas, for example, ammonia from an unstable

ammonium salt, the sample may be backed up in

the sample holder with an easib^ dissociated com-
pound, such as ammonium carbonate. For ex-

tremely sensitive samples, for which the perme-
ability of the window material may be too high,

it may be desirable to use a housing over the sam-
ple to allow an inert or equilibrated atmosphere
during the examination.

Selective Separation of Mixtures. Instead of

grinding up an entire sample which is an obvious
mixture and attempting to unscramble the char-

acteristic lines for each component, it is often

desirable to use part of the sample for selective

separation. Thus, by hand picking one may remove
metallic particles or colored particles and subject

them to X-ray diffraction anah^sis separately.

Various other techniques may be employed, such

as magnetic separation, sedimentation, or flotation.

It is not uncommon to fully and positively char-

acterize samples of six or more components by
use of these aids. One instance comes to mind
where all constituents in a twelve-component mix-
ture were successfully identified.

Isomorphous Materials. Occasionallj^ metal
salts of closely similar anions may give patterns

differing only slightly. In order to extract more
information about these materials, e.g., differenti-

ate between them qualitatively or even quanti-

tativeh% it may be possible to convert both to

other metal salts. Thus, Na^PsOT-lOHsO and
Na4P206XH • IOH2O give nearly identical patterns

but their silver salts are so markedlj^ different

they cannot onlj^ be used to distinguish these

anions, but afford a reliable basis for quantitative

treatment as welP (see Quant. Anal, of Mixtures).

This method, like the studj^ of atmosphere-sensi-

tive samples (see above), requires close coopera-

tion between diffractionist and chemist. Often
times, this cooperation is just the lever needed to

turn complex and seemingly impossible problems
into readily understood, well-defined S3'stems.

Purity. Samples of substances used for standard

patterns must be above suspicion. For known com-
pounds, phA'sical constants such as melting point

are usuall}- adequate. For new compounds, ele-

mental chemical analyses are necessary but are

not always sufficient. For example, nitrogen may
be present in a compound as amido nitrogen which
could slowly hydrolyze to ammonium nitrogen.

Group analysis would be necessary to distinguish

between compounds with the same empirical

formula, such as MgNH^POi-GHoO and MgPOa-
XH^-THiO.' Independent anaMical techniques

such as infrared spectroscopy^ or nuclear magnetic

resonance spectrometry are useful, particularh' for

the detection of impurities.
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SAMPLE PREPARATION FOR POWDER DIFFRACTION

WITH MICRO QUANTITY OF MATERIAL

Often it is desirable to X-ray a few particles

perhaps less than 10 microns in size so that im-

purities can be avoided. Conventional methods of

sample preparation for powder camera work com-

monly result in a poor pattern from so small a

sample, and there is considerable risk of losing

the sample. Although special X-ray cameras may
provide a means of ehminating these problems,

ordinary equipment will yield good results when
special mounting techniques are used. The meth-

ods require no special training and cost no more

than ordinarj^ procedures.

An ideal way to obtain the powdered sample is

to scratch the mineral grain to be sampled,

whether in hand specimen or in a polished or thin
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staff bent to

convenient shape
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FIGURE I. Stylus modification for sampling point
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FIGURE 2. Mettled of cutting gelatin capsule.
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FIGURE 3. Fiber ready for use.

Figs. 1-3.

section, with a sharp diamond point. Either a
standard diamond "pencil" or a mounted phono-
graph stylus can be used. The former is cheaper
(about $2.50) and works well, provided that the
point is not badly chipped by rough usage, as in
writing on glass shdes. The stylus, when mounted
in a pin vise, is more convenient, however, where
sampling is to be done while observing the speci-
men with a microscope. The point is small and the
staff on which it is held can (in some models) be
bent so that little clearance is needed above the
specimen (Fig. 1). The chief disadvantage other
than cost (about $5.00) is that the stylus point is

well machined and smooth, and it must be chipped
or beveled on a fine grinding wheel before it will
bite the sample surface properly.
The sample mount used is a very thin wedge-

like gelatin fiber. Three features make gelatin
ideal for this purpose. First, a very fine point can
be obtained; second, the gelatin is self-adhesive
when wet, hence no cement or shellac is needed to
bind the sample to it; and third, the gelatin itself

produces no amorphous scattering or at worst a
very minor amount. Fibers are prepared in ad-
vance in the manner shown in Fig. 2, and a supply
is kept on hand. The procedure, briefly, is to
soften an ordinary gelatin drug capsule by humidi-
fication (a closed plastic box containing a wet
cotton wad works well), shce off the closed end
with a razor blade, and then sht one side of the
resulting cyhnder. When straightened, the cylinder
provides a thin gelatin plate about 1 X 2 cm in
size. This plate is fastened to a microscope shde
with tape and sht in the short dimension by close-
spaced razor cuts to yield the fibers. Fibers cut in
this orientation show but little tendency to curl
when later subjected to changes in relative hu-
niidity. The fibers are removed and stored, after
air drying for several hours, in a small closed vial.

When a fiber is selected for sample mounting,
it should be examined with the binocular micro-
scope. One that has a marked curvature should

be rejected, for it may change shape if the rela-

tive humidity changes during the X-ray exposure,
thus throwing the sample off center. The fiber to
be used should have a sharp, narrow point; this

may require additional trimming with a razor
blade. This is a tedious job, but with practice, the
selection and preparation of a fiber takes only a
few minutes.

The powdered sample, once obtained, is best
left on the surface of the mineral grain tempo-
rarily. The next step is to affix the powder—all of
it if possible—to the fiber. A vial of water (1 or 2
cc) containing one or two drops of glycerine to
retard evaporation should be at hand. With a
clean, sharpened toothpick, a drop of water about
1 mm in diameter is placed on the specimen 1 or

2 mm from the powder. Next, a gelatin fiber, the
thick end mounted in a suitable holder, like the
brass specimen holder of the X-ray camera. Fig.

3, is carefully brought close to the drop (best done
while viewing with binocular microscope). In rapid
succession, the sharp tip of the fiber is touched to
the periphery of the drop and then is touched to
the mineral powder and rotated. The sample ad-
heres to the fiber, and in a few seconds the mount
is dry and ready for use. Care must be taken that
the fiber is not left in contact with the water more
than a fraction of a second, for an excess of water
will cause the gelatin to expand unduly and the
sharp point will be lost. The fiber is now trans-
ferred to the X-ray camera and centered and ex-
posed hke an ordinary sample. Only the extreme
tip of the fiber, with sample intact, should be cen-
tered in the field of view of the colhmator.
The cameras used by the writer are those made

by North American Philips (Norelco). Other brands
could no doubt also be used. A small camera
is desirable, because exposure times for very small
samples are commonh^ double those for larger

ones, or even longer. In fact, some minute samples
maj^ not produce usable patterns in larger cameras
regardless of exposure time because of poor con-
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trast between diffraction lines and background

fogging. The restriction to small cameras is of no

disadvantage, however, unless it is desired to ex-

plore the region below about 10° (26). But in this

case a minor camera modification described else-

where in this encyclopedia ("Cameras, Small

(Powder), for Recording Low Angle Lines") will

obviate the difficultj^ for most minerals.

Ronald K. Sorem

SAMPLE PREPARATION FOR SPECTROMETRY: BORAX

DISK

Quantitative X-ray fluorescence procedures are

widely used for the analysis of minerals, chemicals

and metals, because of the simpUcity of standard-

ization, speed of analysis (elapsed time), infre-

quent interference between components and high

accuracy. The sample preparation procedure is of-

ten the cause of discrepancy in X-ray emission

spectroscopy. Even when pure chemicals are used

in preparing the standards and extraordinary care

is used in making the analyses, several disadvan-

tages are apparent in many of the "packed powder"

methods. The possibility of quantitative analysis

by X-ray fluorescence is based on the proportional

relation which exists between measured-line in-

tensity and weight fraction. Deviations from pro-

portionality have been classified according to three

principal causes:

1. Matrix or chemical effect including absorption

and enhancement and effect of elemental oxidation

state

.

2. Heterogeneity effects.

3. Instability, including drifts and fluctuations in

the equipment.'- ^' *•'• ° The borax disk technique

minimizes the first and second effects and repeti-

tion of standardization during each day's opera-

tion alleviates the third by evaluating the slope

and the practical linearity of the working curves.^

Claisse'^' *• ^ has shown by theoretical studies that

packed powders are not recommended if accurate

analyses are to be made, unless the grain size and

chemical composition of the matrix are fairly con-

stant. Even in those cases of uniform grain size and

chemical composition, occasional variation or im-

proper packing will make the analytical results in-

correct. Various solution techniques have been

suggested. The two which appear to be readily

adaptable to most elements with atomic numbers

above 22 are the dispersion in an aqueous liquid

or in an X-ray transparent solid-solution matrix.

Lithium borate or sodium tetraborate glass both

appear to be satisfactory solvents for the dissolu-

tion of most analytical materials. The borax glass

resulting from the fusion of the solvent and the

sample is deemed to be more satisfactory than

aqueous solutions in that corrosive hquids need not

be handled, the sample is not excessively diluted,

and the fact that it is difficult to find an aqueous

solvent which will universally dissolve all sample

material without excessive difficulty. In certain

circumstances samples may be prepared for analy-

sis by carefully controlled grinding, hand packing,

briqueting or by an aqueous solution technique.

The many advantages for the method given by

Claisse for the fused disk technique, have been con-

firmed by the authors.^' ' In general, dilution is use-

ful in dealing with the matrix or chemical absorp-

tion and enhancement effect and by attaining

identical oxidation states during fusion of sample

and standards, the valence effect is minimized.^

Dilution with heavy elements, barium for example,

also reduces the effect of the matrix. When graphite

or sulfides are present or when metals are being

analyzed, oxidation must precede the borax fusion.

Internal standards or materials may be added be-

fore fusion. Linearity is achieved from to near

100 per cent.^'
'• '

The authors favor the following borax disk tech-

nique wherever possible. A 0.10-g portion of sample

and 10.0 g of fused ground ACS reagent grade so-

dium borate are mixed in a platinum crucible.

Other weights and dilutions are acceptable. The

mixture is fused by heating over a Meker burner

in a platinum crucible. Swiriing the crucible is not

essential but permits a homogeneous melt to be

obtained more readily. The materials are heated

from 8 to 15 min. or until the solution appears clear.

The fused material is quickly poured onto a pre-

heated (400°C) aluminum slab in such a manner

that flat disks of reproducible size are formed on

cooling. Careful casting procedure is necessary to

avoid cracking by sudden temperature change.

Standards are prepared in the same way. After 10

1o 20 min. cooling on the aluminum slab the disk

is slid onto an asbestos board and allowed to at-

tain room temperature. The top of each disk may

be marked with a laboratory number for identifica-

tion. One of the advantages of the specimens so pre-

pared is that they are impervious to further change

with time and may be stored easily in a microscope

slide box for future reference. After extended pe-

riods of time the disks become opaque and milky

in appearance but this does not affect their X-ray

characteristics. In measurement of X-ray fluores-

cent radiation, this sample preparation technique

will permit application of several approaches. The

counts per unit time or time per n counts may be

related directly to concentration. If deemed de-

sirable an internal standard may be fused in the

disk to permit utilization of a ratio relationship.

The authors have appUed the fusion technique to

a variety of analytical problems. The determina-

tion of lanthanum, cerium, praseodymium and neo-

dymium as major components using carefully se-

lected analytical lines and using a correction on the

praseodymium value for the cerium content has

been used successfully for several years.'' ^ Metal

specimens of chromium, iron, molybdenum, tung-

sten and manganese have been analyzed after oxi-

dation. The resulting oxide or ore minerals are

dissolved in borax using a 1 to 100 dilution. Lin-

earity in the working curve prepared from pure

reagent grade oxide has been found over a wide

concentration range. Small amounts of iron and

rare earths in columbium metal have also been

measured with sarisfactory precision and accuracy.



957 SAMPLES, SPECTROMETRIC: BRIQUETTED DRILLINGS

In the case of the analysis of niobium metal of

high purity some difficulties were encountered. Sat-

isfactory results were achieved when zirconium

oxide was added to the sample of oxidized colum-

bium metal followed by fusion with borax.^ The
zirconium internal standard/niobium intensity

bears a linear relationship with niobium concen-

tration. The X-ray fluorescence method is par-

ticularly attractive for elements for which there

are few if any rehable chemical methods of analy-

sis.^°

Satisfactory accuracy has been achieved over a

wide variety of concentrations. Accuracy in the

order of + or —0.02 per cent absolute seems reason-

able to attain.* The analyses of four rare-earth

samples of widely varying composition show a

mean error of less than 5 per cent.^'
^

Conclusions: Dilution of powders is useful in

dealing with absorption, valence and enhancement
effects. Satisfactory dilution may be accomplished

by fusion with sodium borate and casting the re-

sulting melt as a disk. Easily handled samples are

produced whicli combine satisfactory elimination

of absorption, enhancement and heterogeneity ef-

fects. Instrumental fluctuations may be minimized

by daily standardization curves. Linear curves ob-

tained by the borax disk samples make daily

standardization of working curves a routine proce-

dure. While the borax disk technique is not a "cure-

all," most routine samples may be handled ad-

vantageously using this method.
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SAMPLE PREPARATION FOR SPECTROMETRY: BRIQUETTED

COPPER ALLOY DRILLINGS

Certain copper alloys produced by the United

States Metals Refining Co. are melted and cast

under an inert atmosphere to prevent either the

copper or the alloying element from reacting with

elements in the atmosphere. Such alloys include

phosphorus, sulfur, tellurium, silver and zirconium

with oxygen-free copper.

Since great precautions are taken to remove at-

mospheric contaminations, it is advisable to sample

the alloy after it is cast. Obtaining rapid and accu-

rate results is of importance to the maintenance

of efficient production control.

The most rapid sampling technique is to take

drillings from the cast alloys. Remelting and casting

the drillings would alter the composition of the

sample, thus it is desirable to work with the drill-

ings directly. Fusion, solution, or reduction to a

salt would reduce the effective concentration of the

alloying element, which does not exceed 1.0 per

cent. It was decided to determine if briquetted

drillings could be used, in spite of gross surface ir-

regularities, since two significant figure determina-

tions would be adequate for analysis.

The surface of the sample exposed to the primary

X-ray beam is one of the factors determining the

intensity of the fluorescent radiations produced

and measured. In the analysis by comparison with

standards, the samples must have the same surface

characteristics as the standards. It can be easily

demonstrated that fluorescent radiation excited on

or below an irregular surface is less than a smooth
surface. This is due mainly to two causes: its leav-

ing the irregular surface in scattered directions and
being absorbed by the greater effective surface area.

Andermann and Kemp^ have shown that by meas-
uring a properly chosen background radiation in-

tensity, absorption and enhancement effects, par-

ticle size, sample surface to target distances, and
power variations can be detected. By determining

the ratio of the element's fluorescent radiation to

the scattered background radiation, a greater degree

of proportionality between intensity and concen-

tration can be obtained.

A simple experiment was designed to determine

the best technique to analyze copper allo3' drillings.

A single sample of tellurium-copper alloy was
chosen and analyzed by four techniques—measure-

ment of the TeKa radiation only and the measure-

ment of the TeKa and WL71 , radiation ratios on

both static and rotating samples."

Tellurium-copper was chosen because it is a free-

machining type of alloy; the tellurium is concen-

trated in the grain boundaries, producing an alloy

that will produce small chips when machined. Since

the alloj^ is segregated, rotation of the sample held
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promise of better accuracj'. The coherent!}' scat-

tered WL71 radiation was chosen because its in-

tensity was of statistical value, since the back-

ground radiations of a copper sample are too low

to be measured in a reasonable length of time with

statistical accuracj'.

A General Electric XRD-5 X-raj' spectrograph

was operated at 50 kv and 50 ma, using a tung-

sten target X-ray tube, LiF cr^^stal, 0.010 Soller

slit, and a scintillation counter. A Spex Industries

sample turntable was used in both the static and
rotating sample measurements. The turntable ro-

tates at 25 rpm. Different areas of the sample
were measured staticalh' bj" switching on and off

the sample turntable between measurements.
Ten grams of the drillings were briquetted at

15,000 psi in a 1.25-in. diameter die, producing a

briquette about 0.25-in. thick. Ten briquettes of

the same sample containing 0.60 per cent tellurium

were produced and the Telva and WL71 radiations

were measured. Table 1 shows the results. The ra-

tio measurement on a rotating sample is obviously

the best method.
Six chemicalh^ analyzed samples, ranging in

content from 0.001 to 1.00 per cent tellurium, gave

a straight-line calibration when the ratio from a

rotating sample is plotted versus composition. The
effect of different sample forms was tested by
measuring the intensity ratio on briquetted saw-

ings, filings and a solid piece of the alloy. The
ratio remained constant and equal to that of bri-

quetted drillings. An accurac}^ of ±0.01 per cent

tellurium was found upon comparison with chemi-

cal anabasis of a group of samples.

Zirconium-copper alloys were also studied. Since

the zirconium homogeneously alloyed with the

copper, deviations from chemical anah'sis are not

attributable heterogeneity. The same instrument

parameters was used as in the determination of

tellurium. The ZrKa and WL71 radiations were
measured on static and rotating samples. Table 2

shows the results of a series of eleven determina-
tions as compared to photometric Alizarin Red S
determinations. Rotation improved the accuracy' of

the determination.

Silver bearing coppers, in the range of 2.0 to 300

oz per ton silver, have been successfulh' analyzed

by rotating drillings, millings, and sawings and
using the same calibration. Accuracies of about
±0.5 opt have been obtained. Since the silver Ka
radiations arise in an area of high white radiation

Table 1. Deviations (Briquetted Drilling,
0.60 PER cent Tellurium).

Table 2. X-rat and Chemical Determination;
OF Zirconium.

Static Rotating

TeKa
c/s.

TeKa/
WLyl

TeKa
c./s.

TeKa/
WL^i

Range

Average

% Std. Dev.

300-360

321.1

4.95

4.29-

4.43

4.351

1.17

310-335

324.9

2.74

4.34-

4.39

4.362

0.48

Per Cent Zr

Chem.^

Difference, % Zr

Stationarj- Rotating Stationary" Rotating
Sample Sample Sample Sample

0.090 0.085 0.085 0.005 0.000

0.085 0.081 0.081 0.004 0.000

0.099 0.095 0.099 0.000 0.004

0.106 0.104 0.103 0.003 0.001

0.131 0.137 0.138 0.007 0.001

0.099 0.103 0.103 0.004 0.000

0.106 0.106 0.107 0.001 0.001

0.082 0.087 0.087 0.005 0.000

0.175 0.170 0.170 0.005 0.000

0.182 0.186 0.184 0.002 0.002

0.106 0.095 0.099 0.007 0.004

* Photometric Alizarin Red 5 determinations, average of two
determinations on two separate portions of the sample re-

ported.

background, the background radiations were taken

at 0.6A.

Other elements successfully determined include

cadmium, tin, chromium, titanium and bismuth.

Conclusions. Briquetted copper alloy drillings,

despite gross surface irregularities, were found to

be a suitable form for X-ray spectrographic method
of analysis, when tungsten target coherent or in-

coherent intensities are used to compensate for

surface effects. Rotation of the sample is desirable

if segregation is present and if surface irregularities

are to average out.
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SAMPLE PREPARATION FOR SPECTROMETRY: ORES AND
MINERAL PRODUCTS

A few fundamental considerations are essential

to the development of an appropriate sample prep-

aration routine; the more important are (1) the

number of samples, (2) the accuracy required, (3)

the time available for sample preparation, and (4)

the equipment and manpower available for pul-

verizing, mixing, briquetting and chemical treat-

ment. The effort spent on sample preparation can

make a great difference in the attainable accuracy

but must be justifiable on the basis of required ac-

curacy'. For the purpose of this discussion it will be

assumed that the specimens as received by the

X-ra3' laboratory- have been sampled in such a

manner as to be properly representative of the ma-
terial from which thej^ were taken.

Analyses of interest to the mineral industr}' can

be broken into three general categories: process

control, financial or metallurgical accounting, and

research and evaluation assay's. For process-control

data, where onlv current data are useful and mean-
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ingful, current assays of fair accuracy are more im-

portant than very accurate assays on carefully

prepared samples that are several hours old ; these

latter are of historical value only as the repre-

sented material will have already been processed

by the time the data are obtained. For financial

and metallurgical accounting assays, the utmost at-

tainable accuracy is essential and time or cost of

the analyses are less important. Samples for re-

search and evaluation assays should be prepared

in a manner best suited for the purpose.

Process ControL In the case of on-line or con-

tinuous analysis of a process stream,^ the material

must be examined with no sample pretreatment.

Continuous analysis is accompHshed by mounting

an X-ray device right at the process stream, with

the fluorescing X-radiation entering and the

emitted characteristic radiation emerging through

a window in the process pipe.^ Also, it is possible

to have a continuously moving belt of material,

solid, solution, or slurry passed beneath the X-ray
source. In a sHght modification of this arrange-

ment, which entails only a short time delay, a

slurry stream is dewatered by filtration and the

X-ray unit is mounted over a rotating filter drum.

The inability to pretreat or prepare samples for

this X-ray examination does prevent high accu-

racy, but the use of a moving stream tends to over-

come the disadvantage since a larger and more
representative sample is surveyed.

When material is removed from the process

stream for a batch analysis many easily apphed
but very helpful preparation treatments are pos-

sible. The process most universally applied here is

the drying, grinding and mixing of the solid ma-
terials to yield a uniform reproducible product of

fine particle size.

Metallurgical or Financial Accounting Assays.

The barriers to providing accurate analyses by
X-ray spectrographic means arise principally from
three sources. These sources are:

1. Interelement absorption and enhancement ef-

fects caused by

:

a. Differing ratios of constituent elements;

b. Differing ways in which elements are chemi-

cally combined

:

c. Differing ways in which specific minerals are

physically combined in aggregates.

2. Heterogeneity, surface effects and particle size.

3. Instrumental variations due to change in elec-

tronic components caused by heating and cool-

ing.

Sample preparation techniques are aimed at re-

ducing the effects from these situations. The com-
mon methods used for accomplishing this purpose

are as follows

:

1. Fine and uniform grinding (i.e., timed pulver-

ization of a weighed sample in an automatic

mortar) with or without the use of an abrasive.

2. Use of radiation scattered from the sample as a

reference standard.

3. Briquetting either alone or with a binder such

as starch, aluminum or cellulose.

4. Rotating the sample during excitation.

5. Dissolving the sample chemically followed by:

a. Measurements carried out in the liquid phase;

h. Evaporating the solution onto filter paper,

thin plastic film or a microscope slide

;

c. Separating from interfering elements or con-

centration effected by,

(1) reprecipitating

;

(2) extracting;

(3) distilling;

(4) ion exchange. ^
.

6. Addition of an internal standard

:

a. Element adjacent in atomic number to the one

desired

;

h. Element near to that desired in wavelength or

resulting X-radiation,

(1) This case, where an L line from the in-

ternal standard is used in connection with

a K line from the element being assayed,

or the reverse, where a K line from the in-

ternal standard is used with an L line of

the element being assayed, is less rehable

than case 6a because of differences in

mass-absorption coefficient between the

two wavelengths utiHzed.

c. Same element as that desired, with intensity

measured before and after the addition.

7. Fusing with a Hght or heavy atomic numbered

flux.

a. Li2C03 with boric acid gives a low atomic

number, or low X-ray absorption coefficient

flux while the addition of BaO or PbO with

potassium pyrosulfate will give a flux of high

atomic number or high X-ray absorption co-

efficient.

8. Diluting with a high or low atomic numbered

material.

9. Roasting in an oxidizing atmosphere to convert

all metals to oxides.

Two or more of the foregoing methods are often

used in combination to give a straightforward

preparative scheme which will produce consistent

results.

Research and Evaluation Assays. The analyti-

cal requirements for research and evaluation sam-

ples vary through the entire range from those

where Uttle or no sample preparation is possible

because of a high required sample throughput to

the very extreme of attainable precision.

For evaluation of exploration samples, either

surface rocks for geochemical correlations or drill

core for subsurface anomaly examination, the num-

ber of samples and the amount of data required

are often very large. This is especially true in the

early stages of evaluation where many elements

may be of interest. In this case it is desirable to

have a method with minimum sample manipula-

tion to reduce expenses. At the same time it is

often possible to make the evaluation with low ac-

curacy in the answers. If representative samples

are crushed and a small portion, i.e., 5 grams, re-

duced to minus 200 mesh, and the material packed

into sample holders with the aid of a spatula, a

large amount of useful information can be ob-

tained. One operator, using a conventional single-

channel laboratory unit and a ten-second count

accumulation interval can assaj' 50 samples for 10
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elements per eight-hour shift with an accuracy in

the range of 15 to 25 per cent of the amount pres-

ent using this method. The elements sought must

be present in concentration greater than 0.01 per

cent, as a general rule, to be amenable to this di-

rect measurement.
When an ore body has been uncovered by ex-

ploration methods, the research requirement is for

development and evaluation of extraction tech-

niques. This sequence can be shown in connection

with the analysis of niobium. Niobium is an ele-

ment that is extremely difficult to analyze by wet

chemical procedures because of the difficult}^ of

separating it from interfering elements. At the

same time this element is readily assayed by
means of X-ray spectrography because a clean

separation is not required and because it is among
the most sensitive elements in production of char-

acteristic X-rays by conventional equipment.

During the early evaluation of a flotation or

density process for separating niobium minerals

from the bulk of the gangue, it is essential that

many samples be assayed. For the most part high

accuracy is not required, just a rehable indication

as to the success or failure of the specific separa-

tion technique. In this way samples can be rapidly

screened for niobium content without grinding or

drying and the bulk of the samples can be elimi-

nated from a more precise and more expensive ex-

amination. Likewise, during a pilot-plant evalua-

tion of a process, it is very advantageous to have a

rapid process-control method to guide flow sheet

or equipment changes in order to meet project

goals as quickly as possible. This need is filled by

taking small representative samples at critical

points in the process on a routine (and when re-

quired, on a nonroutine) basis, drying, grinding, to

minus 200 mesh and measuring the niobium inten-

sity directly. The accuracy to be expected from

this method is near 10 per cent of the amount pres-

ent.

Along with the process control and evaluation

type analytical result it is necessary that a precise

method be available. This precise method can be

used to furnish reference standards of known chem-

ical composition for the less precise methods and

also to provide metallurgical accounting data for

process evaluation. In this way it is possible to ac-

count for all mineral values entering and leaving

the process. In the case of niobium the precise

method can vsny considerably, but it is usually

something like the following : samples are dissolved

by means of a sodium peroxide fusion and hydro-

chloric acid leach, an internal standard is added in

the form of zirconium nitrate, ammonium hydrox-

ide is added to precipitate both niobium and zir-

conium along with other insoluble hydroxides, the

precipitate is ignited at 1000°C and the residue

mixed and diluted with starch. The product can

be briquetted or inserted into the unit in plastic

sample holders. The accuracy of this method is one

to two per cent of the amount present for samples

containing approximately one per cent NboOs

.

Another approach to the precise determination

of niobium is based on arithmetic corrections ap-

phed to the measured intensities. This method, de-

veloped by B. J. Mitchell,^ gives accuracies of the

order of 0.5 per cent of the amount present for a

wide range of niobium-bearing samples.

Examples of difficult chemical assays which are

carried out routinely by X-ray spectrograph}^, to-

gether with sample preparation procedures, are

given by Lytle^ and Heidel.* Examples of methods
operated in competition with existing wet chemical

procedures, because of greater speed, are reported

by Cullen° and Wood.° Examples of preparation

methods used for trace anah'sis are given in papers

by Campbell,' Fogel,® and Colhn.^
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SAMPLE PREPARATION FOR SPECTROMETRY: POTASSIUM

PYROSULFATE FUSION TECHNIQUE

Samples of widely varying matrices, metallurgi-

cal history, particle size, segregation and basic

types can be analyzed by one technique. Dilution

with inert material, solution in a liquid, conversion

to a salt or oxide, and fusion techniques have been

reported. Addition of internal standards and the

use of incoherent or coherent scattered radiation

internal standardization has also been proposed. In

the first instance, the stabihzation of the mass-

absorption coefficient of the sample is obtained by

diluting the samples to a common matrix, and

comparisons are made to standards prepared in the
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same manner. Internal standards are used to com-
pensate for varying absorption and enhancement
effects.

Each of these techniques has certain drawbacks
depending on the nature of the samples. Samples
exhibiting large absorption and enhancement ef-

fects must be diluted to an excessive degree, result-

ing in a loss of sensitivity. Internal standards must
be carefully chosen and added, and scattered ra-

diation internal standardization must be free from
interference.

Fusion techniques, using a flux which has a mod-
erately absorbing matrix, offer an advantage of

stabilizing the matrix using a greater proportion

of sample to flux. Thus one minimizes sample
heterogeneity. Claisse^ recommends borax with the

addition of various compounds such as barium
peroxide to increase the absorption capacity of the

fusion. Oxides or silicious materials are soluble in

this flux and excellent results are obtained.

Potassium pyrosulfate^' ^' * will fuse most copper-

based materials as well as oxides. The addition of

sodium or potassium fluoride to the fusion mixture
will break down silicious samples and volatilize the

silicon. Excellent results have been obtained on
brass and bronze alloys, slags, ores and mattes.

Solders, which are notoriously segregated, are also

soluble and good results are obtained.

One hundred mg of sample is fused with 5.00 g
of potassium pyrosulfate in fused silica crucibles

T A.BLE 1 Determination OF Copper IN Slags

%Cu
Difference

Chem. X-ray

1.38

5.79

10.61

18.55

38.43

44.80

51.31

56.26
27.30^

25.13-

1.42

5.75

10.67

18.60

38.55

44.81

51.04

56.17

27.37

25.28

Avg. Diff.

0.04

0.04

0.06

0.05

0.12

0.01

0.27

0.09

0.07

0.15

0.09

Matte samples.

or ordinary borosilicate beakers. The fusion is car-

ried out at a temperature between 300 to 700°C.
Potassium pyrosulfate starts to decompose with
the loss of SO3 at about 700°C; by fusing below
700°C reproducible fusions can be made. The fusion

absorbs moisture from the atmosphere, but by
grinding to a constant particle size the amount of

moisture absorbed is constant and little or no error

is introduced. A fusion usually requires 2 to 3 min-
utes. After the fusion has cooled, it is ground ei-

ther mechanically or by hand to about —200 mesh.
The ground fusion is then briquetted at 12,000 psi

pressure to form a briquette 1.25 in. in diameter.

Briquetting pressures between 12 and 30,000 psi

show no change in intensity of fluorescent radia-

tions.

Standards may be prepared from pure metals or

oxides. However, oxides are preferred since pieces

of metal weighing more than 10 mg dissolve slowly.

Matrix effects are removed to the degree that the

standards need not contain any other elements
other than the elements being determined in the

sample.

Table 1 compares the chemical and X-ray de-

termination of copper in slags. These slags origi-

nate from scrap and contain widely varying ma-
trices, 0-60 per cent Cu, 0-20 per cent Fe, and
0-10 per cent Zn in a complex base. The standards

were prepared from pure copper oxide and con-

tained 0-79.88 per cent Cu. No other elements were
present in the standards.

Table 2 shows the results of analyzing N.B.S.

copper-based alloys and solders using synthetic

standards.

Table 3 shows the results of analyzing silica slags.

A flux of 4.5 g potassium pyrosulfate and 0.5 g
sodium fluoride was used. Platinum crucibles must
be used in this case.

Conclusions. The matrix effects of absorption

and enhancement particle size, past history, and
heterogeneity are reduced or removed b}- fusing

the sample in potassium pjTosulfate. Synthetic

standards can be used. Weighing errors are im-
portant, and struck weights are recommended for

maximum accuracies. Straight-line calibrations

have been obtained over large ranges of metal
contents, when intensity is plotted versus content.

Successful analysis can be expected for elements
of atomic number 24 (Cr) or higher, elements be-

Table 2

NBS Number and Type
%Cu %Zn %Sn %Pb %Ni

NBS X-ray NBS X-ray NBS X-ray NBS X-ray NBS X-ray

37a Sheet Brass

52b Cast Bronze
70.78 70.90 26.65 26.70

88.25 88.30

63b Phosphor Bronze 77.94 77.87

157 Nickel Silver

124b Ounce Metal
124d Ounce Metal
162 Monel
127 Solder

127a Solder

72.14 72.28

86.69 86.60

83.60 83.75

28.93 28.99

2.96 2.90

62b Manganese Bronze 57.39 57.35 37.97 38.15

0.71 0.65

9.69 9.75

5.40 5.32

5.06 5.05

0.97 0.93 0.94 0.90

8.00 7.95 0.011 0.00

0.96 0.96 0.28 0.27

9.78

4.93

4.56

4.99

4.55

— 34.88 35.05
— 30.05 29.87

9.36

0.023

4.64

5.20

9.31

0.00

4.69

5.26

0.58 0.60

0.72 0.75

0.27 0.27

0.33

17.90

0.76

0.99

66.38

0.30

17.95

0.79

1.02

66.50
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Table 3. Analysis of Silica Slags-

NaF Added.

Cu FeO Zn

Chem. X-ray Chem. x-ray Chem. X-ray

1.10 1.10 42.0 42.4 5.7 5.7

0.90 0.95 40.1 40.0 5.9 5.6

0.87 0.90 45.3 45.0 8.9 9.0

0.95 1.00 38.6 37.9 10.5 10.4

2.10 2.10 43.5 43.4 3.6 3.5

low 24 have characteristic radiations that are highly

absorbed by the potassium pyrosulfate matrix. In

general, if the sample is soluble in potassium pyro-

sulfate, successful analysis can be expected.
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SAUTER METHOD. See DifFraction of X-Rays: Basic Appa-

ratus and Techniques.

SCALE FACTOR. See Intensities, Integrated X-Ray Diffrac-

tion.

SCALING CIRCUITS. See DifFraction of X-Rays: Detection

and Measurement.

SCATTERED RADIATION, COHERENT, AS INTERNAL STAND-
ARD IN SPECTROMETRY. See Solutions: Spectro-

metric Analysis.

SCATTERING, COHERENT AND COMPTON, INTERFER-

ENCES IN X-RAY SPECTROMETRY

Absorption. Attenuation of an X-ray beam as it

traverses matter is referred to as absorption. Ab-
sorption consists of "true" ("fluorescent" or "pho-

toelectric") absorption plus scatter.

Thus T {- ff

where

fjb is the mass-absorption coefficient,

T is the "true" or "fluorescent" mass-absorption

coefficient,

(7 is the scattering mass-absorption coefficient.

True absorption results from the transformation of

X-ray energy into kinetic energy of ejected elec-

trons—a process discussed in detail in other sec-

tions of this book.

Scatter. The scattering mass-absorption coeffi-

cient 0- takes into account two types of scatter—

coherent and incoherent (modified).

Coherent scatter takes place without wavelength

change from that of the primary beam. Coherent

scatter is of utmost importance in X-ray diffrac-

tion work and is sometimes called "Bragg scatter."

Coherent scattering results when an X-ray pho-

ton bounces off an atom, or more precisely off a

firmly bound electron in an atom, without loss of

energ\'. An elastic colhsion is said to result. The

wavelength of the scattered photon is the same as

that of the primary photon. Coherent scatter is of

consequence in analytical X-ray spectrometry be-

cause of contribution to general background as well

as providing specific peaks characteristic of lines

of the target material. Selection of a particular tar-

get in the X-ray tube may be made to minimize

interferences in determination of an element.

For example, a tungsten target X-ray tube would

not be used when low concentrations of tungsten

in the sample are to be measured. Also, scattermg

of the various L lines of tungsten may cause inter-

ferences in measurements of other elements. This

requires that care be taken in selection of proper

target X-ray tubes (tungsten, molybdenum, cop-

per, etc.) to avoid scattered lines in the wavelength

region of the strongest line of the element being

measured. For example, one would use a mob^b-

denum target tube rather than a tungsten target

tube for the determination of small amounts of

selenium because the scattered WL71 line (X =
1.098A) would interfere with the SeKa line (X =
1.106A), whereas there is no specific line interfer-

ence from a molybdenum target tube at this wave-

length. There is, of course, a small background at

this wavelength from scatter of various orders of

the continuous (or white) spectrum of the tube.

The X-ray spectroscopist must examine the spectral

region around the characteristic line of the element

he wishes to measure to be certain that scatter

from tube radiation will not interfere. Under spe-

cial conditions filters may be used to ehminate the

undesired peak from the primary beam.

Incoherent scatter is more generally known as

Compton scatter or the Compton effect in honor

of A. H. Compton, who in 1922-1923 accurately

measured and described the phenomenon.^- ^ The

term "modified scatter" is also used to describe the

effect because the wavelength of the scattered ra-

diation is modified from that of the primary beam.

Compton scattering results from inelastic colli-

sion of X-ray photons with loosely held electrons

of the scatterer with loss of photon energy to the

recoiling electron. This loss of energy is manifested

by an increase of wavelength of the scattered

beam.
Compton'- ^ showed from quantum considera-

tions that the loss of energy (increase in wave-

length) of the beam is dependent only on the angle

between the primary and scattered beam as ex-

pressed by the equation

X — Xo = (/i/mc) (1 — cos 0)

where
h is Planck's constant,
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m is the mass of the electron,

c is the velocity of light.

This equation reduces to A\ = 0.0243(1 — cos 0)
when A\ is expressed in angstrom units.

With X-ray equipment where the average ef-

fective angle between the primary and emergent
beam is approximately 90° the increase of wave-
length, A\, is 0.0243A. This increase of wavelength
is dependent only on the angle and is not af-

fected by the wavelength of the primary beam or

the atomic number of the scattering material.
However, the relative intensities of the coherently
and Compton scattered beams are affected not only
by the angle but also by the wavelength of the
primary beam and atomic number of the scattering
matrix.

The Compton effect is most prominent with
scattering matrices of low atomic number because
the electrons of low atomic number elements are
less firmly bound and more susceptible to recoil on

CuKc

CuK
L

I

CuK«
L

I

CuK)8
L

BqSOa CqSOa

CuK«

L

H3B03 Paraffin

38 48

DEGREES 2-G-

38

Fig. 1. Compton and coherent scattering of copper radiation by four matrices of different
effective atomic number.

WLa WL^,

WL/»,

fj\c.^, )

.-^^
W\A I

^

iBO,

30 46

DEGREES 2-&

Fig. 2. Compton and coherent scattering of tungsten radiation by four matrices of different
effective atomic number.



SCATTERING, INTERFERENCES 964

collision with the X-ray photons. For example,

with hthium as the scatterer nearly all the energy

is modified; with carbon the ratios of modified to

coherent scatter is approximately 5.5; the ratio for

iron is 0.5 and with lead almost all of the scattered

radiation is coherent—of the same wavelength as

the incident.

The effect of atomic number and of wavelength

of the primary beam on the relative intensities of

the Compton and coherent beams is further illus-

trated in Figs. 1, 2 and 3. In these figures the peaks

labelled L are those resulting from coherent scat-

ter; those labelled C are from Compton scatter.

For each of three target tubes, copper, tungsten

and molybdenum and with a hthium fluoride an-

alyzing crystal, the coherent and Compton scatter

was plotted for four scattering matrices of different

average atomic number. In terms of increasing

average atomic number the matrices were paraffin,

boric acid, calcium sulfate and barium sulfate.*

With paraffin as the scattering matrix (Fig. 1),

CuKa radiation at 1.542A shows the Compton peak,

C, to be much smaller than the coherently scat-

tered Ka line, L. For the WL^i radiation at 1.282

A

BoSOa ]
CaS04 '

Hj bOj

23 17 23 17 23 17 23 17

DEGREES 2-9-

Fig. 3. Compton and coherent scattering of mo-
lybdenum radiation by four matrices of different

effective atomic number.

(Fig. 2) the Compton fraction of scattered X-rays

is increased to about 90 per cent of the coherent

peak. With the shorter wavelength of MoKa at

0.710 (Fig. 3) the Compton peak with paraffin is

nearly double the intensity of the coherently scat-

tered peak.

All of the observations made for paraffin can be

made successively for boric acid, calcium sulfate,

and barium sulfate, but the scattering is decreased

as the matrices of higher atomic number are sub-

stituted.

Table 1 shows the ratio of Compton scattering

to coherent scattering by the four matrices for the

principal lines of the molybdenum, copper and

tungsten tubes and covers effectively the wave-

length range of 0.631 to 1.54A. The data provided

in this table were taken directly from the ampli-

tudes of the lines shown in Figs. 1, 2 and 3.

Table 1 clearly shows that the ratio of Compton

to coherent scattering is greatest at short wave-

lengths and with low atomic number matrices and

least with longer wavelengths and with higher

atomic number matrices.

Interferences from Scattering. Scattering of

radiation from the tungsten target tube presents

the greatest opportunity for interference with the

evaluation of fluorescent peaks. In addition to the

characteristic tungsten lines the presence of cop-

per and nickel as tube impurities complicates the

spectrum. With the tungsten target (Fig. 2), within

the 26 angles (with LiF crystal) from 30° to 48°,

scattering from low atomic number samples re-

sulted in six coherently scattered peaks and five

Compton peaks. Thus quahtative identification of

fluorescent peaks in this region may be difficult.

Accuracy in quantitative measurements requires

special attention, such as filtering the incoming

primary X-rays before they reach the scattering

matrix.

Quantitative measurement of elements having

their principal fluorescent peaks falling in this re-

gion may be aided by using a target tube other

than tungsten. For example, between 26 angles

(for the LiF crystal) of 30° and 48° a molybdenum

target is helpful, although second order molyb-

denum lines occur at 26 angles between 36.58° and

41.28° and both coherent and Compton scattering

may be observed with some matrices. A tube with

a clean copper target provides interferences only

in the region of 40° to 48° 26, with the Compton

scattering being much less at these longer wave-

lengths.

Table 1 Ratios of Intensities of Compton Scattering to Coherent Scattering

(C/L)

X, A., Primary Beam

Scattering Matrix
Paraffin

Boric acid

Calcium sulfate

Barium sulfate

0.710 1.282

Principal Lines
1.392 1.48 1.542

MoK^ MoK« WL71 WL^i CuK^ WLa CuKa
1.7 1.9 0.9 0.9 0.8 0.8 0.8

1.5 1.6 0.8 0.7 0.6 0.6 0.4

1.0 0.8 0.7 0.4 0.4 0.2 0.2

0.5 0.2 0.4 0.3 <0.1 0.1 <0.1
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Representative samples presenting low effective

atomic numbers and thus exhibiting pronounced

Compton scattering include hydrocarbons, plas-

tics, paper and cellulose products, and biological

samples such as plant material and animal tissues.

Compton scattering interferes in the measure-

ment of low concentrations of tantalum and haf-

nium in plastic samples when the tungsten target

tube is used/
Zinc has a first order Ka line in a region subject

to interference from scattering from each of the

three target tubes (tungsten, copper and molyb-
denum) and difficulty may be encountered when
these tubes are used in quantitative measurement
of small concentrations of this element in low
atomic number matrices.*

References

1. Brooks, E. J., and Birks, L. S., Anal. Chem. 29,
1556 (1957)

2. Compton, A. H., Phys. Rev. 21, 715 (1923)
3. Compton, A. H., ibid. 22, 409 (1923)
4. Johnson, C. M., and Stout, P. R., Anal. Chem.

30, 1921 (1958)
C. M. Johnson

SCATTERING, COMPENSATIVE TECHNIQUE. See Petro-

leum Field Applications.

SCATTERING, COMPTON. See Attenuation, X-Ray.

SCATTERING AND DIFFRACTION OF X-RAYS AT SMALL

ANGLES, ESPECIALLY BY FIBERS

X-ray scattering and diffraction at small angles
can in principle occur in systems which have
structural periodicities or discontinuities in elec-

tron density which are large as compared to the
wavelength of the radiation used. Conversely,
X-ray scattering and diffraction at small angles
gives information about the size, shape, distribu-

tion and orientation of such structural details.

On the basis of the structures causing the X-ray
effect, the following two different types of phe-
nomena may be distinguished.

a) Small-angle X-ray diffraction. This term is

used when sharp, separate reflections occur. These
are generally located on the meridian of the dia-

gram. This phenomenon is essentially not different

from X-ray diffraction at wide angles, and fully

periodic structures underlie both types of dif-

fraction, the only difference being that in small-
angle diffraction the reflections originate from
much larger periods than in wide-angle diffraction.

Such periods occur, for example, inside high poly-
mer molecules (such as protein molecules).

b) Diffuse small-angle X-ray scattering. This
term is used when diffused, continuous scattering
near the primary beam occurs. Such scattering is

caused by particles of certain sizes embedded in a

medium of different electron density and has there-

fore been called ''small -particle scattering.'^ In this

case no perfect periodicity of particle distribution

exists, but only a liquid type of distribution is

present. Such scattering may be caused, for in-

stance, by a system of microcrystallites embedded
in amorphous material or by voids or ultrafine

powders of suitable sizes or by suspensions of par-

ticles in liquids.

TheoreticaL In the case of diffraction at small

angles the underlying repeat periods can be de-

rived by customary methods of X-ray diffraction.

In the case of diffuse small particle scattering, the

situation is more complicated, and methods used
in the scattering by fluids and gases must be ap-

plied, the molecules being replaced by the particles

in question. Only diffuse scattering is discussed in

detail in the following.

If the particles or scattering units are widel}^

and regularly dispersed and well enough separated

to allow the scattering from different particles to

be considered as incoherent, the particles scatter

independently . The term dilute system is used for

such cases. If the particles are more densely

packed, however, interparticle interference will

occur and the particles do not scatter independ-
ently.

Independent Scattering. The amplitude,

A{h), coherently scattered by a small particle

consisting of atoms in any arrangement whatso-

ever is

Aih) = Ae{k) Z/^e* (1)

in which Ae is the amplitude scattered by an elec-

tron, /„ is the atomic scattering factor, A" = 2 sin

d and ?„ is the distance of the atom from the origin.

{R and r are vectors.)

The intensity, /eu , in electron square units is

then

Icn = Y.H fnfm exp ik \ (2)

in which r„m is the distance between atoms.

If rnm takes all positions in space, expression

(2) becomes

EE/../.
sin (At)

kr

If a continuous distribution of scattering atoms
exists the expression becomes

leu = Nn^•[>sin (Ai?) - kR cos (AT?) (3)

where the part in brackets is the spherical shape

function, and R the radius of the particle.

If the particles are cylindrical and have infinite

length, the part in brackets becomes
'

2Ji(kR) 'V
(4)

where Ji is a first order Bessel function.

When a center of s^'mmetry exists, the expres-
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sion for the scattered amplitude can be simplified.

If the origin is taken at the center of symmetrj^

then to each vector r a vector -r corresponds, and

the intensity becomes

/eu = Z Z/n/-COS {k'Tnm) (5)

Approximation of independent scattering function

hy exponential function; determination of particle

size and shape. Following the methods of Guinier,^

the above expression for the scattering function

can be approximated by suitable exponential

functions (obtained by considering the expansions

of these functions). The general approximation

expression is

I/Ie = Nn" exp - — R'^e^
3X^

(6)

in which I is the scattered intensity, le the inten-

sity diffracted by an electron, N the number of

particles and n the number of electrons of each

separate particle. R is the radius of gyration of

the particles and e the scattering angle.

For spherical particles the following approxi-

mation results:

47r2 _

leu = Nn^ exp —— R-e^
5X-

(7)

since the radius R of_the sphere is V5/3 times the

radius of gyration, R.

A system of cylindral particles of infinite length

is approximated by

7eu = A^n^exp (-7rVX'i?'e2) (8)

The radius of gyration, R, is obtained following

Gviinier from the slope, a, of a plot of log / versus

e2 (Fig. 1). For small angles, uniform particle size,

and independent scattering conditions, this plot

will be a straight line of a slope a = — (4/3) {n-^/\^)R

log e. In the case of copper radiation R = 0.644

In the case of cylindrical particles of infinite

length as above the slope of the curve will be a =
(7r^/\^)R log e, in which R is the actual radius of

the particle.

Other particle shape functions have been dis-

cussed b}^ various authors^^- 2^- ^^ and it is con-

versely possible to derive the shape of the particles

from the shape of the scattering curve.

Nonindependent Scattering. In more densely

packed systems interparticle interference of the

radiation of neighboring particles takes place.

The total scattered amplitude is again obtained

by summing the amplitudes of the individual

particles, but this time taking their phase differ-

ences into account since the}^ are scattering co-

herently. The amplitude scattered by the nth

particle with a center at r„ from the origin is

F(h) = ^(kR) exp (-ik-rn) (9)

If ^(kR) is the independent scattering function.

The scattered intensity is

leu = Z E^'.^-eXp {-ik-rn,n) (10)

If Tnm , the distance between the particles, takes

all positions in space this expression (11) becomes

Z Z F,.F,
sin (kr)

ITr

Following the usual procedure the above double

summation may be replaced by an integral if a con-

tinuous distribution of scattering particle exists,

and the following expression (11) is obtained.

N^ikR) 1 + / sin At
27rr(p(r) - po)

-— dr
kr

in which p{r) is the particle density at a distance

r from the origin and eo the average all-over den-

sity .

The function under the integral is the contribu-

27.5 30.0 « 10*

Fig. 1. Jute swollen in 5 per cent sodium hydroxide. Log intensity plotted against square of

scattering angle. Note perfect straight line obtained. Ordinate-log intensity; abscissa-square

of scattering angle. [A. N. J. Heyn, J, Appl Phys. 26, 524 (1955).]



SCATTERING AND DIFFRACTION, SMALL ANGLE

tion for interparticle interference. If Ii denotes
the angular distribution of intensity for inde-
pendent scattering (the function, ^(kR)), and 7„
the one for nonindependent scattering and if

(In/Ii) — 1 is written i(k) then

ki(k) = / 47rr (p(r)
sin kr

Po)
— dr
kr

(12)

Fig. 2. Comparison of experimental and theoreti-
cal scattering in jute. The experimental curve is 20 40 60 so 100 120 i4o a
converted for standardized intensity and as a func- Ftp -^ TioAic,} A;^+r.\u..^;^ f ^- r x- i

tion of kU. The points are the experimental obser- ceSers for^ute (A) Drv fi^ T
vations; the contmuous line is the theoretical curve. water ^ '

^^ '''°^^^'' '"^

Fig. 4, Normahzed distribution of intensity m small angle scattering by Fortisan. (I)
Theoretical curve for independent scattering; (A) fiber swollen beyond the water swollen
state; (B) fiber swollen m water; (C) fiber in dry state. [A N J Heyn "]
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and {p{r) - po) can be found by Fourier inversion

to be

Lf
27r J,

kiik) sin kr dk (13)

If the curves of independent and nonindepend-

ent scattering are known from experiments the

radial density function 27r(p(r) - po) of the particles

can be determined (Fig. 3).

This has been done by the author" for various

types of fibers at various degrees of swelling. Since

in this case the particles have cylindrical sym-

metry and infinite length, the function sin (kr)

was replaced by the function, Jo(kr), the zero

order Bessel function:

27r (p(r) — po) =/: ki{k).h{kr)dk (14)

Hosemann^s has approached the prohleiii of small

angle X-ray scattering by applying the principle of

convolution ("Faltungs Operation"), in which

the distribution function and form factoi- function

-^^^^ iP^^

Fig. 5b. Small-angle X-ray scattering by jute;

original size, distance from sample to film, 20 cm.

Above, fiber swollen in water; below, fiber swollen

in 5% 'sodumi hydroxide. [A. N. J. Heyn, J. Appl.

Phys., 26, 524 (1955).]

11

^1^

^^^^ Ijp^^

Fig. 5a. Small-angle X-ray scattering by "Forti-

san" rayon; original size, distance from sample to

film, 20 cm. Beam focused with curved crystal.

(a) Fiber in the dry state, (b) Fiber swollen in

water, (c) Fiber swollen in 1 percent sodium hy-

droxide, (d) Fiber swollen in 10 percent sodium hy-

droxide. (Fiber stretched during swelling! ) [A. N. J.

Heyn, Nature, 172, 1000 (1953).]

of the particles are comi)ined in reciprocal space,

just as this is done in ordinary X-ray crystal-

lography (by combining the Fourier transform of

the unit cell with the transform of a delta func-

tion). He used optical Fourier transforms and

discussed the strict mathematical treatment. His

distribution function, Q, is equivalent with the

function Z)(f) of Norman and the Patterson func-

tion in the case of perfect crystals. For a more

detailed review of the theory of small-angle

scattering the reader is referred to the treatises

by Guinieri" and Hosemann.^^

Techniques. For small-angles X-ray scattering

studies perfectly coUimated beams and mono-

chromatized radiation are required. Crj'Stal

monochromators, single or double, have been

widely used.^- 9- ii Also, double focusing mono-

chromators have been designed for this purpose,

^

and a double focusing crystal of the proper toroidal

curvature has been constructed. ^^ Recently re-

flection at glancing angle by curved glass surfaces

has been used.^ Evacuated cameras and microfocus

X-ray tubes are preferably used. Special correc-

tions have been worked out for the geometry of

slits and beams.
Applications. For applications such as the

study of finely dispersed solids (catalysts, carbon

black), colloidal solutions, heterogeneities in

metals and alloys, and lattice deformation and

hardening in metals, reference is made to Guinierio

and the literature reviews by Yudowitch^o and

Nowacki.2i Two important applications are dis-

cussed in the following in greater detail.

The Ultra Structure of Fibers. The author

of this article^i separated experimentally inde-

pendent and nonindependent diffuse scattering by

fibers by applying a suitable degree of swelling (if

the degree of swelling is too high—as certain
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11 II

Fig. 5c. Small-angle X-ray scattering diagrams. Pin hole method; sample distance 10 cm.
(a) Corchorus capsularis (jute), (b) Agave sisalana (sisal), (c) Sansevieria guinensis (African
bowstring), (d) Agave heteracantha (Ixtle de Jaumave). (e) Cocos niicifera (coir), (f) Boras-
sus flabeUifer. [A. N. J. Heyn, Textile Research J., 19, 164 (1949).]

authors used—complications will be introduced
as a result of disorientation of the elongated cylin-

drical particles). The scattering function for the

swollen fiber fully corresponded to the theoretical

function

'2JAkR)l^

kU
(4)

in which R is the radius of the particle and /i a

first-order Bessel function (Fig. 2). It has already

been mentioned above how the radial distribution

function of particles in fibers was calculated by
the author (Fig. 3). Figures 5a and b illustrate the
diffuse scattering by fibers at different degrees of

swelling.

In certain cases crosslike small-angle patterns

were obtained by the author^i from fibers (Figs.

5c). These patterns were correlated with the
orientation of the scattering particles.

In fibers the particles are most probably micro-
crystallites, but it has been pointed out that the
presence of voids could also cause such scattering

and this is certainly the case in scattering by
glasses. In view of the optical principle of comple-
mentary objects by Babinet, it is impossible to

distinguish between these two possibilities from
the scattered intensity alone.

A great deal of work has also been done on small

-

angle X-ray diffraction by fibers, and large periods

in the direction of the fiber axis have been recog-

nized in an increasing number of cases. Figure 6 is

one of the best examples of such periods in col-

lagen observed by Bear.^ Others described such
length periods in cellulose,^ and in synthetic fibers

such as polyethelene and nylon. ^o^ 26 j^ poly-

ethelene also higher order reflections have been
observed.^

The Size and Shape of Large Molecules. If

large molecules are suspended in a solvent of

greatly different density, small angle X-ray scat-

tering will occur. In this way the denaturation of

hemoglobin and albumin sera^" has been studied

and also the macromolecules of virus, and at last

macromolecular coils in general. In the latter case

the results are in satisfactory agreement with
those obtained by light scattering. ^^
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SCATTERING, SMALL-ANGLE, CRITICAL PHENOMENA
STUDY

Critical Plienomena. The merging of the

liquid and vapor phases at the critical temperature

and pressure of a one-component system and the

separation of a homogeneous two-component
liciuid (or solid) system into two liquid (or solid)

phases at the critical demixing temperature and at

ambient pressure have been studied bj^ various

methods. 1 In all cases, the incipient instability of

the sA'stem gives rise to density and concentration

fluctuations which are very large compared to

those observed far from the critical conditions.

Since the intensity^ of scattered radiation depends
on refractive index fluctuations for visible light,

and on fluctuations of the electron density for

X-rays, a greatlj^ increased scattered intensitj^ is

observed if sj'stems near the critical point are ir-

radiated. This phenomenon is known as "critical

opalescence." The fluctuations in the system de-

pend on the nature and range of the molecular

interactions; consequently, scattering experiments

should shed some light on the intermolecular

forces.

Small -Angle X-ray Scattering. If one wishes

to observe the behavior of opaque sj^stems near

their critical point, or if one wishes to extend the

range of experiments to fluctuations too small to

study efficiently with visible light, it is necessary

to use X-radiation. Since fluctuations extend over

distances relatively large compared to the X-ray
wavelength, one must go to small angles to observe

the scattering. This is evident from Bragg's law

2 d sin (d/2) (1)

w^here 6 is the angle between the scattered and

primary beams. For a wavelength near one ang-

strom, and d = lOOA, 6 becomes 0.010 radians. This

demands instrumentation designed specially to

provide a highly collimated parallel beam, to

eliminate disturbing air scattering in the long

sample-to-detector path (100 to 500 mm), and to
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Fig. 1. X-ray scattering cell for liquids.

absorb the primary beam at the detector to pre-

vent spill-over which could obscure the relativel}^

narrow and (in the cases under discussion) weak
scattering pattern. A typical instrument is de-

scribed in Ref. (2).

The samples must be temperature-controlled

preferably to dz0.010°C or better. A sample cell in

which this is accomplished is shown in Fig. 1. It

is important to use materials of the highest puritj^,

since small amounts of contaminants may change
the critical behavior.

Relation of Experimental Observations to
Molecular Parameters. The scattered intensity

measured as a function of the scattering angle,

i{Q), may be related to the structure of the scat-

terer by the correlation function, 7(r). 7(r) is

defined by the relation

7(r)
{'n')Av.

(2)

where 77^4 and 775 are fluctuations in electron density'

from the system-average value at points A and B

,

separated by a vector distance r. In an isotropic

medium 7(r) is independent of direction. Then
i{d) is, to a good approximation, related to y{r)

by

m r
sm krd

4:irr^-y{r) dr
krd

(3)

where k = 27r/X, and Eq. (3) holds for small scat-

tering angles d{d). i(d) and y(r) are effectiveh'

Fourier transforms of one another; 7 (r) determines
the shape of i(d). The significance of this lies in

the fact that 7(r) can be calculated by statistical-

mechanical methods from different models of the

system^' ^' "^ so that the functional dependence of

i(d) can be calculated theoretically and compared
to experiment. One example of such a calculation

rests on the correlation function of Ornstein and
Zernike,'^

y(r) = A exp (-/cr)/r (4)

which is valid for large r, i.e., near the critical

point where fluctuations in neighboring volume
elements can no longer be considered independ-
ent. One must now introduce effects of fluctuations

in one volume element on fluctuations in neighbor-
ing ones, and even effects of the gradient of the
fluctuations.^ Because onh' a small amount of

work is required to create a fluctuation, these

effects propagate over considerable distances r.

From Eqs. (3) and (4), it follows that a linear

relationship should be observed when [i(d)]~^ is

plotted against d'K From Ornstein-Zernike theory-

it may be shown that the intercepts of these

straight lines should decrease and reach zero at

Deb^^e^ shows that one may also calculate a

"persistence length" L and a "range of inter-

molecular forces" I from the intensity-angle data
observed at different temperatures near Tc . He
defines L bv

L2 =
/.

iwr'-y(r)r'- ilr

(5)

/ -iirr-yir) dr
•^0
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and I by

L2 - 1
(6)

where r = T/Tc . Using the Ornstein-Zernike

function, Eq. (4), L, and therefore I, can be de-

termined from Equations (5) and (6) ; the parame-

ter K is available from a knowledge of the inter-

cept-slope ratios of the [i{d)]~^ vs. 6^ curves:

interceptn^/^

slope J
(7)

Other interpretations may be used; some in-

vestigators have discussed their observations on
the basis of clustering, and have calculated the

radius of gyration of the clusters and also deter-

mined the cluster shape by comparing the inten-

sity curves with theoreticall}' calculated curves

for cylindrical particles, spheres, etc.^' ^^

Brief Survey of the Experimental Litera-

ture. Relatively little X-ray work in this field

has been published.

Among the one-component systems investi-

gated, argon has received most attention ;ii' ^^ the

scattering has been interpreted by means of the

correlation function. Nitrogen^' and the low-mo-

lecular-weight paraffins methane, ethane, propane
and butane have also been examined,^'* and the

results have been interpreted by assuming spheri-

cal inhomogeneities and by fitting spherical

scattering functions to the intensity data to obtain

the radii. Neon^^ has been the subject of a recent

publication.

Even fewer binary systems appear in the litera-

ture. The i-octane-n-perfiuoroheptane system has

been done at different compositions by Brady and
co-workers^' ^^' ^^ who are able to fit cylindrical

scattering curves to their data, and find a constant

value of L over a one-degree range from Tc . This

behavior is considered possible evidence for the

Meyer "derby hat" phenomenon. The n-heptane-

nitrobenzene system has been investigated on the

basis of Ornstein-Zernike theory. ^^ An extremely
interesting study of the aluminum-zinc solid solu-

tion system has also appeared.!^ Evidently much
the same behavior with regard to X-ray scattering

near the critical temperature is observed as with
liquid systems; significant questions arise, how-
ever, as to the nature of the fluctuations in solid

solutions.

Conclusion. It appears that the small -angle

technique (coupled with light-scattering experi-

ments) is capable of yielding valuable and other-

wise inaccessible information about the nature of

critical cooperative phenomena and the inter-

molecular interactions in condensed phases. The
available experimental data are few, and this then

seems a rich field for further investigations.
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SCATTERING, SMALL ANGLE: I. GENERAL PRINCIPLES

AND APPLICATION TO PROTEINS

Small-angle X-ray scattering is useful in studies

of the structure of colloidal systems. The method
has been emploj'ed with proteins, viruses, catalysts

and a number of other colloids. In these investi-

gations and in many others, small-angle X-ray
scattering has provided information about the sizes

and shapes of the colloidal particles or regions.

Small-angle scattering is a result of the same
phenomena that are responsible for large-angle X-
ray scattering and diffraction. In all these proc-

esses, the radiation from an X-ray tube is formed

into a well-defined beam, which is allowed to strike

the sample being studied. Most of this radiation

either is absorbed in the sample or goes directly

through it, with no change in its direction. A small

fraction of the radiation passing through the sam-

ple, how^ever, can be observed in directions other

than that of the incoming X-ray beam. The in-

tensity of this radiation, which is called the scat-

tered radiation, is found to vary with the direc-

tion of the scattered rays. Since this intensity

distribution is determined by the structure of the

sample, one can obtain information about the sam-

ple from measurements of the distribution of the

scattered radiation.

The scattering angle 26 has been found to be a

convenient quantity to use in describing the scat-

tered radiation. This angle is defined as the angle

between the directions of the incoming and scat-

tered rays. Ordinarily, X-ray scattering data con-

sist of measurements of the way in which the
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scattered intensity depends on the scattering angle

2d. Calculations show that the quantity

X = i-n-DX-^ sin d

often is a convenient variable for expressing the

distribution of the scattered intensity. In this ex-

pression X is the X-ray wavelength, and D is some
dimension characteristic of the sample. For ex-

ample, in a dilute suspension of identical spherical

particles, one can take D to be the diameter of

the particles. Most of the scattering occurs when
X is of the order of magnitude of 27r. These con-

siderations apply to both large and small angle X-
ray scattering.

As can be seen from the definition of x, the ratio

D/\ determines the angles at which most of the

scattering takes place. In crystals and amorphous
substances, D is usually an intermolecular or in-

teratomic distance and thus can be expected to

eciual a few angstrom units. (One angstrom unit

equals 10"^ cm). Since the X-ray wavelengths used

in scattering studies ordinarily are in the neighbor-

hood of lA., D/X will not be much greater than
1 for crystals and amorphous substances, and
therefore the angle 26 will equal some tens of

degrees. In colloids, however, D/X can be much
greater than 1. Then, for x to be of roughly unit

magnitude, 2(9 must be no more than a few de-

grees. Colloids thus scatter X-rays primarily at

angles of a few degrees or less.

Colloids with dimensions ranging from about
lOA to 10,000A can be studied conveniently by
small-angle X-ray scattering. When the particles

are smaller than lOA, the scattering is very weak,
and it extends out to such large angles that it

really cannot be called small-angle scattering. On
the other hand, all appreciable scattering from
distances larger than 10,000A occurs at such small

angles that the scattering cannot be separated from
the unscattered beam.
Copper Ka radiation, with a wavelength of

1.54A, is usually chosen for small-angle X-ray
scattering studies. Standard X-ray diffraction tubes

can be used. In many investigations, it is difficult

to obtain sufficient scattered intensity. To provide
an increased intensity, rotating anode X-ray tubes

are sometimes employed, or curved crj^stals can be
used to focus the radiation.

Special equipment is required to define the very
narrow incident and scattered beams necessary in

small-angle scattering. Small-angle attachments
are now available for some commercial X-ray dif-

fraction equipment. Special small-angle scattering

systems have been constructed in a number of

laboratories. Figure 1 shows a schematic diagram
of one type of apparatus, which was developed by
W. W. Beeman and co-workers at the University
of Wisconsin. Slits Fi and A form the radiation

from the X-ray tube, T, into a well-defined beam,
which falls on the sample, S. The radiation scat-

tered at an angle 29 is measured bj^ the scanning
unit, which consists of slits F3 and Fi and the

counter C, all of which are mounted on an arm
which rotates about an axis through the sample
and perpendicular to the plane of the drawing.

Fig. 1. A schematic diagram of a small angle
scattering apparatus designed by W. W. Beeman
and co-workers. (Reprinted from Fig. 25a in "Small-
Angle Scattering of X-rays," by A. Guinier, G.
Fournet, C. B. Walker and K. L. Yudowitch, by
permission of John Wiley & Sons, Inc.)

This apparatus can measure a scattering angle as

small as four minutes of arc.

No general procedure can be given for the
analysis of small-angle scattering data. Methods
useful for one type of sample often cannot be
legitimately apphed to others. The other physical
and chemical information known about the sample
is very helpful in suggesting a procedure for in-

terpretation of scattering curves.

In general it can be said that scattering data are

more useful in refining the description of a sample
about which something already is known than in

giving information about completely unknown col-

loidal substances. Other methods of studying col-

loids, such as electron microscopy, are often rec-

ommended for a first study. Small-angle X-ray
scattering can then be used, together with the
other physical and chemical information known
about the sample, to provide a more detailed and
quantitative description of the sample.

If enough is known to suggest a reasonable
model for the structure of the sample, one can
compute the scattering expected from this model.
If the calculated curve agrees with experiment,
then one can assume that there is some scattering

evidence for the assumed structure.

There are two important special cases of data
analysis which can be treated easily and in which
one need make relatively few assumptions about
the sample.

For dilute suspensions of randomly oriented in-

dependent particles, at very small angles of the
small-angle region the scattered intensity I{h) can
be approximated by

1(h) = lo exp -VsJrR''

where L is a constant, h = 47r(X)-^ sin 0, and R
is a quantity called the radius of gyration, which
gives a measure of the size of the particle. For a

particle with uniform electron densitv,

R' = F-i
/.

r^ dV

where V is the volume of the particle, r is the
distance from the center of charge of the particle

to the volume element dV, and the integration is

over the volume of the particle.

For regions in which the above approximation is

valid, if one plots the logarithm of the intensitj'

as a function of the square of the scattering angle
(at small angles h is essentialh^ proportional to
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-Lysozyme

Lactoglobulin

Hemoglobin

Serumalbumin

Ovalbumin

MO"' 2-10~- 3-10"" /i-(A--)

Fig. 2. Radius of gyration plots obtained by H. N.
Ritland, P. Kaesberg, and W. W. Beeman [J. Chem.
Phys., 18, 1237 (1950)] for the proteins lysozyme,
beta-lactoglobulin, bovine hemoglobin, bovine se-

rum albumin, and ovalbumin, for which the radii

of gyration were found to be, respectively, 16.0,

24.6, 23.9, 26.6, and 24.0 Angstroms. (Reprinted
from Fig. 53a in ''Small-Angle Scattering of X-rays,"
by permission of John Wiley & Sons, Inc.)

the scattering angle), a straight line is obtained,

from the slope of which one can find R. Figure 2

shows the radius of gyration plots obtained for

some protein solutions.

At angles of the small-angle region for which x
is much greater than 1 for all distances D in the

sample, the scattered intensity 1(h) often can be

approximated by

Hh) = LSJr'

where h is a constant, and S is the total surface

area of the sample. One can test the validity of

this approximation by plotting the logarithm of

the scattered intensity as a function of the loga-

rithm of the scattering angle. When the approxi-

mation holds, the graph is a straight line with
slope —4. In the many cases in which the constant

7i can be evaluated, small-angle scattering can

provide a value of the surface area S of the sample.

This determination is of interest in the study of

catalysts, and small-angle X-ray scattering has

found application here.

For further information, the reader is referred

to the author's review article on the small-angle

X-ray scattering from proteins/ to the encyclo-

pedia article by Beeman, Kaesberg, Anderegg and
Webb/ and to the book by Guinier, Fournet,

Walker and Yudowitch.^
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SCATTERING, SMALL ANGLE: M. THEORY, HIGH PRECISION

EXPERIMENT, AND QUANTITATIVE ANALYSIS OF

DATA

Small-angle scattering is the enhanced intensity

observed within a few degrees 26 of the direct X-
ray beam in a suitable experiment. Carbon blacks,

silica gels, silica sols, protein molecules in solu-

tion, and precipitate particles in age-hardening

allo3^s give small-angle scattering (Ref. 1). They
have in common a basic requirement—regions

(particles) of greater than atomic dimensions in

which the electron density is different from that of

the matrix material.

Diffraction can occur at small angles in the usual

way from crystalline materials having large inter-

planar spacings (Refs. 1 and 2). For example,
interference maxima corresponding to a funda-

mental 627A periodicity in kangaroo-tail tendon
have been observed. Doubly diffracted radiation

from poh' crystalline materials can also be ob-

served at small angles, e.g., from cold-worked

metals having lattice spacings of a few angstrom
units, but this is not indicative of inhomogeneous
regions (Ref. 3). True small-angle scattering does

not require crj^stallinity; it can usually be dis-

tinguished from the two effects just cited and is

determined primarily by the size and shape of the

inhomogeneous regions.

The scale or size D of inhomogeneous regions,

which can be convenienth' studied by small-angle

scattering, ranges from about 20A to 2,000A. The
corresponding angular range 526 of the scattering

is determined by the approximate relation

826 = \/D.

Thus, for lOOA particles, the scattering is re-

stricted to about 1° 2(9 with CuKa radiation. Small-

angle scattering investigations cannot therefore

be made with the usual arrangements for studying

X-ray diffraction. However, with suitable appara-

tus, complete and accurate small-angle-scattering

data covering an intensity range greater than

1,000:1 can be obtained in about one hour.

Theory. The intensity of small -angle scattering

by a "single particle," apart from geometrical

factors, is

1(h) = Ie(h)FHh) (1)

where Ie(h) is the intensity scattered into unit

solid angle in the direction h, by a free electron,

and h is the usual diffraction vector 27r(S —So) A,
equal in magnitude to 47r sin 6/\ (Refs. 1 and 2).

The expression for F(h.) is
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F(h)L [p(r) - po(r)]exp(-h-r) dv (2)

where p(r) is the electron density at r and po(r)

is the average electron density of the matrix. V is

the volume of the particle, i.e., the region in space

in which p(r) is different from po(r). Equation (2)

shows that if there are no inhomogeneities, the

small-angle scattering vanishes.

For small particles, the dimensions of V are

comparable to X, and hence, the range of h which
contributes to Eq. (2) is small. Thus hih) in Eq.

(1) can be replaced by its value aih = 0. Further-

more, at h = 0, the electrons all scatter in phase
and Eq. (2) reduces to F (0) = n, the number of

electrons per particle. For a collection of M iden-

tical noninteracting particles, therefore, the in-

tensity in electron units is

iih) = {I(h)/Ie(o)) = Mn^<pHh) (3)

where F^{h) = n''<pHh). The bar over F^h) de-

notes an average over random orientations. An
analogous expression applies to the case of non-

identical particles.

All small-angle scattering investigations are

based upon comparing experimental data with

<P^{h), the normalized intensity distribution func-

tion. Theoretical calculations have been made for

spheres for which

<pKh) = sin hR — hR cos hR

ihR)'

and a large range of ellipsoids, cylinders for revolu-

tion, and other shapes, and all possess certain

properties illustrated in Fig. 1 for spheres of ra-

dius R and 2R.

1. For small h,

<pHh) ^ exp i-hmyZ) (4)

This is the Guinier approximation in which an
important particle parameter, the radius of gyra-
tion R (defined using electron density as the analog
of mass) is introduced. The initial slope of a curve
of In <p^{h) vs. h\ as shown in Fig. 1 (b), is -i?V3.
This approximation is always valid at small h,

irrespective of particle shape, and permits evalu-
ation of the radius of gyration even in polydis-
perse systems (Refs. 1 and 2).

2. For large h,

(h) ^2wS/V%' (5)

where S is the total surface area of the particles.

As shown in Fig. 1(c), a curve of In <p^(h) vs. In h
has a limiting slope of —4 and ordinates propor-
tional to S, irrespective of the shape of the parti-

cles (Refs. 1, 2, 4).

3. At intermediate values of h, the form of

<P^(h) is governed by the shape of the particles.

This intermediate region is verj^ short for spherical

particles, but becomes longer for exaggerated
shapes such as rods or plates. When plotted on the
same scale as in Fig. 2(c), the curves for long rods
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Fig. 1. Scattering functions for spherical parti-
cles; (a), (b), and (c) are for pinhole collimation;
(d) shows two modes in size distribution (slit col-
limation).

X-RAY SOURCE

ri I > I

SLITS SAMPLE

I
SLITS

I

SAMPLE

^ ^^BEAM STOP

Fig. 2. Small-angle-scattering apparatus.

have intermediate slopes of about —1 and it is —2
for thin plates (Refs. 4, 5).

4. Curves of the function hH(h) vs. h as in Fig.
1(d), show that monodisperse sj'stems have one
maximum, and polydisperse systems have a maxi-
mum for each distinct mode of the size distribu-
tion (Ref. 6).

Experiment. Experiments can be performed
with any of the arrangements illustrated in Fig. 2.

Figure 2(a) shows the basic camera in which the
scattered radiation is recorded on a photographic
film. The angular divergence of the incident beam
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is limited by a two-slit collimator and the trans-

mitted direct beam strikes a lead-beam stop which

prevents halation of the film. Partial monochro-

matization is obtained by means of an appropriate

K/S filter. After an exposure, the film is developed

under controlled conditions and microphotome-

tered. From the data of film density vs. position

and the known specimen-to-film distances, the de-

sired data oi 1(h) vs. h are deduced.

A single X-ray film cannot be used to cover an

intensity range greater than about 100:1. This

suffices for the Guinier analysis (Eq. [4] and Fig.

l[b]), but unless multiple film packs are used, does

not permit simultaneous intensity measurements

covering small h and large h, for which a range of

greater than 1000:1 is required. This extended

range is met by using a photon detector as in Fig.

2(b). Here, a Geiger counter (used to denote any

X-ray photon counter) replaces a meridional cross

section of the film. An added advantage of this ar-

rangement is two-slit collimation of the scattered

radiation as well as the incident beam.

In both instances just cited, the incident beam
can consist of crystal monochromatized radiation.

An important third modification of the basic ar-

rangement which can also be used with films is

shown in Fig. 2(c) (Refs. 1,2). Simultaneous focus-

ing and monochromatization are achieved by using

a crystal, cut and bent in such a wa}' that a se-

lected set of planes lie on a special mathematical

surface. The divergent incident beam is reflected

at the crystal surface, and a beam which converges

to a very narrow focal line is produced. The ad-

vantage of the bent crystal is that it produces

X-ray diagrams of high spectral purity without the

large intensity losses experienced with plane crys-

tal monochromators.
Analysis. The data, as recorded, usually require

corrections for distortion due to the apparatus it-

self. The most important correction is for the finite

length of the rectangular slits usually employed,

because the intensity obtained from small pinhole

collimation is usually too weak for accurate meas-

urements. The corrections require measurements
from the specimen of interest and a ''blank" deter-

mination of the intensity distribution of scattered

radiation in the absence of a scattering substance.

If the data obtained from the specimen and
"blank" are denoted by I*(h) and g(h), respec-

tively, then the corrected intensity I{h) is given

by

l*(h) -/: I(a)g(h — a) dc (6)

where a is a dummy variable having the same di-

mensions and range as h.

The convolution of Eq. (6) can be unfolded by a

variety of methods (Refs. 1, 2, 4). Alternatively,

Eq. (6) can be used as a basis for calculating the

distortion caused by the slit system. The principal

distortion effects are: (1) Slits of infinite height

displace, but do not eliminate, subsidiary maxima
and reduce the contrast between maxima and
minima. The primary reason for absence of these

maxima is polydispersity. (The curves in Fig. 1

have been "smoothed" to include this effect.) (2)

The slope analysis of slit-distorted data still gives

the correct value of —R^/3 at small h and (3) the

asymptotic h~^ behavior of the intensity function

at large h is replaced by h'^, but hH{h) is propor-

tional to S, the total surface area (Ref. 6).

It is important to control the specimen thick-

ness, because maximum scattered intensity is ob-

tained when the direct -beam transmission through

the specimen is about 37 per cent. Specimens may
be conveniently held with thin strips of Scotch

tape in slots cut into metal holders of various

thicknesses. The correct thickness can be obtained

by a few trial and error adjustments following

measurements of characteristic radiation trans-

mitted by the specimen, e.g., radiation Bragg re-

flected by the (111) planes from a silicon powder

specimen.

As in X-ray crystal structure analysis, a general

solution to the phase problem, and hence, a unique

particle structure, cannot be determined by X-ray

means alone, even with ideally accurate intensity

data. This is an important limitation when ana-

lyzing complex systems containing particles of

various sizes and shapes. In addition, the distor-

tions caused by the apparatus can be significant.

Fortunately, these complications are often not

very troublesome. Monodisperse systems, even

of elongated rods or thin plates, can usually be

analyzed by exact curve-fitting methods based on

theoretical scattering functions (Ref. 5). In other

instances, e.g., with nearly spherical particles

(ellipsoids or cylinders of revolution having axial

ratios between 2/3 and 3/2), the analyses for R^,

S, and modes of the size distribution via maxima
in the function JiHih) can be done without correct-

ing for slit distortion and reveal all of the signifi-

cant parameters of the system (Ref. 6).

The scattering by liquidlike materials, wherein

the intensity function is zero at the origin and

rises to a maximum at a small value of h, has been

omitted from the foregoing discussion (Refs. 1,

7). An equally important omission is a treatment

of the scattering by condensed matter which causes

subsidiary maxima in the intensity function (Refs.

1,2). Excellent reviews of these and related sub-

jects, more extended treatments of the subjects

already discussed, and discussions of the numerous

designs of cameras and other small-angle-scatter-

ing apparatus can be found in the references cited.
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SCATTERING, SMALL ANGLE: VITREOUS SILICATES-

CHARACTERIZATION

Vitreous substances have been characterized by
wide-angle X-ray diagrams as random, three-di-

mensional networks possessing no long-range or-

der/ However, studies of small-angle X-ray dia-

grams from vitreous silicates show that there are

inhomogeneities of two types in these systems.""^

Intense diffuse low-angle X-ray scattering is

found around the undiffracted beam at very small

angles. The intensity is greatest at the smallest

angles, which are unfortunately obscured by the

trap for the unscattered X-ray beam; therefore

no accurate integrated intensity measurements can

be obtained for the total amount of the scattering.

However, the amount of the scattering registred

on the film is a relative measure of the amount of

electron density inhomogeneity in the scattering

medium. Scattering theory does not distinguish

whether the inhomogeneities are (1) particles,

clumps (regions of greater density within the

solid) or (2) holes, voids, pores (less dense re-

gions). Much evidence^"'^ shows that the second

possibihty is the correct choice.

Studies of a variety of powders and fibers,

mostly having a composition NaoO-MgO-SSiOo

,

show that a relatively high void content exists in

practically all samples studied." The porosity re-

sulting from these voids of submicroscopic size (20

to 500A) is greater in bulk or fibrous silicates than
in products of other viscous melts, such as nylon

pob^mers or fibers. The size distribution of these

voids shifts toward lower dimensions when the

samples are annealed, showing that a compaction
of the matter occurs. These voids are elongated

into ellipsoids or cracks during the spinning of the

melt into a fiber. The greater the windup speed

in this process, the greater is elongation in the

direction of the fiber axis. These elongated voids

are probably concentrated in the surface. When
these fibers are chemically attacked, the ellipsoids

are etched into a more spherical shape. Changes
in chemical composition of the melts produce
varying amounts and varying elongation of these

voids.

An additional structural feature is observed but

not satisfactorily explained in these vitreous sil-

icates. A long period of about 30A exists in many
amorphous silicates and is interpreted as due to a

regularity of placement of inhomogeneities in

electron density. It is perhaps concentrated in the

surface. No crj^stalline, local order (1 to lOA) is

found in any of the products which show this long

period ordering. This order could be a regularity

of voids or a regularitj^ of dense clumps; evi-

dence is found for either interpretation. For
Na20-MgO-3Si02 powders or fibers, the long-

period order is most pronounced when the most
drastic quenching techniques are used.
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SCATTERING, THERMAL DIFFUSE, CORRECTIONS TO IN-

TEGRATED DIFFRACTION INTENSITIES

In order to obtain accurate values for the inte-

grated Bragg intensities, it is necessary to correct

for temperature diffuse scattering (TDS). It has

been shown both theoretically and experimentally

that TDS causes peaks in the scattered intensity in

the same regions of reciprocal space in which Bragg
peaks occur. Therefore, accurate measurements of

integrated intensities require that the TDS con-

tribution be subtracted from the results. In gen-

eral, one would have to evaluate the correction for

each particular geometry taking into account the

degree of perfection of each particular crystal as

well as the details of the elastic properties. How-
ever, we here suggest a simplified procedure, origi-

nally developed for powder measurements, that

may also be applied to single-crystal measure-
ments. It must be cautioned that in simplifying the

procedure, approximations have been made that

may not be valid for an occasional material. In

the event that the TDS corrections should, in a

particular case, prove much larger than the sam-
ple corrections quoted later, it is suggested that

the original references be consulted.

Procedure for Correction. The measured in-

tegrated intensity will be defined as that area,

/l(meas), lying above a straight line connecting
the background at points symmetric about the

peak. The TDS contributes an area A (TDS) to

this measured area which we wish to subtract, to

arrive at the Bragg contribution A (Bragg). This
subtraction makes use of a theoretical calculation

of the quantity a = A (TDS) /A (Bragg), to be dis-

cussed later. The practical problem in making the

correction is to determine an angular range around
the peak, large enough to include all of the (in-

strument all}' broadened) real tails of the Bragg
peak but small enough to minimize the TDS cor-

rection. Although it is possible to develop a feel-

ing for an optimum angular range to cover for a

particular material and apparatus, we suggest the
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Fig. 1. The (511-333) reflected intensity vs 2d from lead powder. The line 1-2 is the sug-

gested base line for making the TDS correction.

following procedure as a more objective way of

arriving at the corrections for a given set of meas-

urements. The desired true Bragg area of a peak
A (Bragg) is given in terms of the measured area

A(meas) as follows:

A (Bragg) = A(meas)/(1 + a) (1)

We suggest that the base line used for the meas-
urements be drawn b}^ connecting points in the

diffuse background at equal angular intervals from
the peak of interest, the line being approximately
tangent to the background. Such a base line is il-

lustrated in Fig. 1 for the (511-333) reflection of

lead. Although it is possible to draw a base line

over a slightly smaller angular range than that

illustrated by using an iterative, self-consistent

treatment, the improvement obtained in so mini-

mizing the TDS correction is hardly worth the

effort, especially when it is borne in mind that the

entire TDS correction for common materials may
only be about five per cent. We now give the for-

mula for (X that allows one to use Eq. (1) to correct

for the TDS contribution.

Calculation of cr. We shall first give a formula

for a that should be applicable for either powders
or imperfect single crystals. We shall then show
how it may be modified to take into account per-

fect single crystals, a for cubic powders and im-

perfect single crystals is given by

(Ti = (47r/3w) 1/3(1 + 5)oAM'X-i cos 6.

Here a is the lattice parameter, 6 the Bragg angle,

X the wavelength, exp (
— 2M) the Debye-Waller

factor, A is the total length of the straight-line

background in 26 expressed in radians, and n is

the number of lattice points per unit cell (i.e.,

n = 1 (simple cubic), n = 2, (body-centered),

n = 4 (face-centered)). 5 is a correction arising

because the longitudinal and transverse velocities

are not the same. For common materials, the longi-

tudinal velocity is about twice the transverse and
5 '^ ^i is the suggested value. The TDS correc-

tions are mainly of interest in the temperature
range where T is comparable or greater than the

Debj^e temperature 0. Then a reasonable approxi-

mation for M is

M = 6h^T {sin 6/X)^/ {rnkS^)

,

where h = Planck's constant, m is the atomic mass,
and k is Boltzmann's constant. may be taken
from specific heat data at room temperature.

It might be useful to know that the order of

magnitude of a-i for a typical material of low Debye
temperature, such as lead, is about 0.10. For a
metal such as copper (6 ^ 300°), the value for en

is more like 0.02. Therefore, for the powder or im-
perfect single crystal, these corrections are only

important in measurements where accuracies of

better than ten per cent are desired.

In the case of ideally perfect single crystals the

TDS correction, under certain conditions, can be-

come very much larger than for a mosaic crystal or
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powder. In this case the importance of the TDS is

enhanced because extinction reduces the intensity

of the Bragg scattering but does not appreciably

change the intensity of the TDS scattering. Thus,
(Tp the <T appropriate for perfect single crystals is

Eai where E is an enhancement factor equal to the

ratio of the intensity of Bragg scattering for the

imperfect crystal to the perfect crystal. We can-

not write a general expression for E that will take

into account all variations from the ideally im-

perfect to the ideally perfect. We can, however,

write down an expression for E for the ideally per-

fect case. E is simply the ratio of the intensity of

scattering from the ideally imperfect to the ideally

perfect and is given by the relationship

E
\mecy

SttX
N F

, ,^v / 1 + cos2 2Q \

Here X is the X-ray wavelength, e the charge, m^
the mass of the electron, c the velocity of light, N
the number of cells with structure factor F per
unit volume, and^uj is the linear absorption coeffi-

cient.

For the (111) reflection of silicon using MoKa
radiation, for example, E = 21 and for the (555),

E = 7. Although the factor E increases the magni-
tude of the correction, the width of the reflection,

A, under typical experimental conditions, is often

so small as to make the TDS correction for per-

fect crystals quite negligible. However, the ap-
parent width of a reflection can be much increased

by instrumental effects, and in this case the cor-

rection may become very large. At any time when
the total range of reflection exceeds a few minutes
of arc, it is advisable to calculate the correction.

Conclusion. We have here listed techniques for

correcting for the TDS contribution to integrated

intensities for powders, ideally perfect and ideally

imperfect cubic materials. It must be cautioned
that these corrections must be modified for ma-
terials that are not ideal and in particular for ma-
terials whose frequency spectrum is far from the

simple Debye models on which most of the TDS
corrections given here are based. Crystals having
optical modes must be separately considered in

that the contributions of the optical modes to spe-

cific heat and X-ray diffraction are different. A
Debye value chosen from specific heat data will

therefore not be appropriate for X-ray diffraction.
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SCATTERING OF X-RAYS AND GAMMA RAYS: THERMAL

MOTION EFFECTS*

Thermal motion of atoms in crystal has two
principal effects on the scattering of X-rays or

gamma rays. One is a reduction in the degree of

Bragg reflection by most of the Bragg planes of

the crystal with increasing temperature. The other

is an increase in the intensity of scattering in other

directions with increasing temperature, called ther-

mal diffuse scattering.

Bragg reflection may be regarded as diffraction

of radiation by a grating consisting of a sinusoidal

variation in the electron density in certain direc-

tions in a crystal. The structure factor of a set of

Bragg planes, upon which the intensity of Bragg
reflection depends, is a measure of the amplitude
of such sinusoidal variation. When the atoms are

displaced by more or less random amounts from
their positions of lowest potential because of ther-

mal and zero point energy, the peaks and valleys

in electron density are smoothed out. In nearly all

cases, this smoothing reduces the structure factor.

The reduction in structure factor of a particular

set of Bragg planes is usually represented by the

exponent M in the expression F = Fo exp (—M),
where Fo is the structure factor computed neglect-

ing thermal and zero point motion of the atoms.

If the crystal contains only one type of atom, M
is very nearly equal to 2ir^ times the mean square

displacement of any atom in a direction perpendic-

ular to the Bragg planes, divided by the square

of the_distance between adjacent Bragg planes; M
= 2ir"u-/d-. At room temperature, the root mean
square displacement of atoms in most crystals is

of the order of several hundredths or a few tenths

of an angstrom unit so that M is quite small
for the most prominent Bragg planes where d
is of the order of an angstrom unit.

At ordinar}^ temperatures, the mean square dis-

placement is roughly proportional to absolute

temperature, but even at absolute zero tempera-
ture there is a residual mean square displace-

ment, associated with the zero point energ}' of

the crj'stal, which amounts to a few hundredths of

an angstrom unit. The order of magnitude of both
thermal and zero point contributions may be
computed from the atomic masses and an ap-

* A ver}^ complete review and bibhograph}' of
this subject is to be found in "The Optical Prin-
ciples of the Diffraction of X-Ravs" bv R. W.
James (G. Bell & Sons, Ltd., London, 1958).
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proximate "Debye temperature" of the crystal*

In more complicated crystals, the exponent M
previously defined depends on the atomic struc-

ture factors, locations, and differing mean square

displacements of the individual atoms, but its order

of magnitude is usually not much different.

The other principal effect of thermal motion on

X-rays and gamma rays is thermal diffuse scatter-

ing. It is caused by the emission or absorption of

the momentum and energy of a quantum of vibra-

tional energy in the crystal, (a phonon), by the

X-ray or gamma-ray photon as it passes through

the crystal. The magnitude of the deflection of the

photon can be obtained by imagining the deflection

to be caused by diffraction of the X-ray waves

from thermally excited sound waves in the crys-

tal. Since the X-ray wavelength is usually much
shorter than most of the sound waves, the angle of

diffraction is small. Because thermal diffuse scatter-

ing alone deflects the beam by only a small

amount, the diffuse scattered radiation is most in-

tense near the directly transmitted beam and near

the directions of Bragg reflection by the crj'stal.

It is possible to obtain information about the

spectrum of phonons of short wavelength in crys-

tals by studying the intensity distribution of the

weakest part of the thermal diffuse scattering, at

the largest angles from the directions of Bragg
reflection.

Two commonly observed phenomena that may
be caused by thermal diffuse scattering are diffuse

spots and streaks in Laue photographs, and faint

halos around the images in cr3^stal spectrometers

and monochromators.
D. W. Berrem.an

scintillation spectrometry. This is due to their

high light yield and relatively high efficiency in

absorbing the total gamma-ray energy. The inter-

action of gamma rays with a crystal which is op-

tically coupled to a photomultiplier tube and as-

sociated electronic equipment, produces electrical

pulses proportional in size to the amount of energy

deposited in the cr^^stal. A typical spectrum of

pulse energies resulting from the interaction of 1 .17

and 1.33 mev Co^^ gamma rays with a 3 X 3 in.

well-type Nal crystal is shown in Fig. 1. Peaks (a)

and (b) correspond to the total energy absorption

of the 1.17 and 1.33 mev gamma rays. Peak (c) is a

2.50 mev peak resulting from the finite probability

that the total energy of both of the gamma rays is

absorbed. All other pulses arise from a partial

energ}' absorption of one or both of the gamma rays

with the scattered photon l)eing lost from the vol-

ume of the phosphor.

The use of scintillation crystals in quantitative

gamma-ray analyses can, in general, only be ac-

complished by calibrating the particular crystal

size for either total or for "photopeak" detection

efficiency as a function of gamma-ray energy. In

determining total detection efficiencies, use is

made of experimentally and theoretically deter-

mined linear absorption coefficients [p.) for various

energy gamma rays in Nal.^ For a point source,

such as shown in Fig. 2, the total detection effi-

ciency of the crystal {Et) can be determined b}^

evaluating the integral:

E,il (1 ^)dQ.

where ii is the total linear absorption coefficient

SCHIEBOLD METHOD. See DifFraction of X-Rays: Basic

Apparatus and Techniques.

SCHOTTKY DEFECTS. See Defects in Ionic Crystal Lattices;

Silver Halides.

SCINTILLATION COUNTERS,
dustry.

See Detectors; Phosphor

SCINTILLATION CRYSTALS, GAMMA RAY, CALIBRATION

Gamma rays entering a phosphor or other ma-
terial interact with it principally by processes
known as Compton scattering, photoelectric effect

and pair production. The individual probabilities

for each type of interaction is dependent upon the
energy of the incident gamma ray and the atomic
number of the absorber. When these processes

take place in a phosphor, the energy transferred to

it is, at least in part, re-emitted in the visible or

near-visible spectrum. Nal (Tl) crystals have in

recent years been extensively used in gamma-ray

* James, ihid., p. 220.

40 60
CHANNEL LEVEL

\00

Fig. 1. Spectrum of Co**" gamma-rays taken with
3 X 3 in. Nal (TL) scintillation crystal.
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and X the gamma ray path length in the crystal, as
a function of the angle n. Computer analyses using
this equation have been made for several crystal
sizes and different source geometries. 2 Experi-
mentally obtained spectra such as shown in Fig. 1

usually also contain pulses arising from back-
ground, scattered radiation from materials sur-
rounding the crystal, and from X-rays, brems-
strahlung and gamma rays from the same or other
isotopes. These extraneous sources of radiation
often made quantitative analyses by the above
method difficult and inaccurate.
A great improvement in selectivity and accuracy

in gamma-ray analysis can be effected by calibrat-
ing a crystal for only full gamma energy absorp-
tion. Three principal methods have thus far been
employed to calibrate detectors for full energy
or "photopeak" absorption.

1. Monte Carlo Method. 3 In this method, a
computer is programmed to simulate the random
physical processes which take place as a result of
a photon interacting in the volume of a crystal.
The computer follows the process until either all of
the energy has been lost to the crystal resulting
in a full energy or "photopeak" pulse or the
gamma ray is lost from the crystal. The method,
however, suffers from systematic errors arising
from the model chosen and from the interaction
cross section used in the calculations.

2. The second method of determining "photo-
peak" efficiencies is based on experimentally de-
termined "peak to total" ratios. That is, the ratio
of the area under the total energy or "photopeak"
(Ep) to the area under the total gamma spectrum
curve (Et) (with background, scattering and other
effects subtracted out) can be measured for cer-
tain radioisotopes. The latter value (Et) is identi-
fied with the total gamma-ray detection efficiency
which was discussed earlier, and can be readily
calculated. 2 Therefore, since the ratio Ep/Et can
be determined, Ep values for various isotopes can
be obtained and the results plotted. This method
has been used to calibrate the V^ X 1 in. and 3X3
in. solid crystal sizes. ^^ ^

3. The third method consists in calibrating se-
lected radioactive nuclides by independent meth-
ods^. 6 such as assaying by i-n- and beta-gamma
coincidence counting techniques. '^^ ^ In the former
case, the radioisotope is mounted on a very thin
film (approximately 1-10 ugm/cm2) and the
mounting placed between the two hemispheric
halves of a 47r geometry counter. The latter method
may be applied to isotopes which have a beta and
gamma ray in coincidence. In an appropriate ar-
rangement, the beta, gamma, and coincidence
count rates (N^ , Ny , N^^y) are observed. If .Y is

the absolute disintegration rate and Cr is the effi-

ciency of counter x, then the foUowing equations
apply

:

Ny = eyN

iV,3-7 = e^eyN

Knowing A^^ , A^^ and A'fl_^ experimentally, A^ can

SOURCE

-dil

\^\

\\
CRYSTAL 1 \\\^x

v\
V\
v\
\v\

Fig. 2. Geometry used for the determination of
the total detection efficiency of a crvstal.
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Fig. 3. Photopeak detection efficiency as a func-
tion of gamma-ray energy for the 3 x"3 in. (lower
curve) and 5 X 5 in. (upper curve) Nal (Tl) well-
type scintillation crj-stals.

be determined by combining the above equations
to give:

A^ = N^Ny/N^_y .

A technique which combines the assets of both
of the above-mentioned methods and eliminates
many of the difficulties of each method is known as
the 47r/3 — 7 coincidence counting technique. s- ^

Samples which have been assayed by an absolute
counting technique can then be used to calibrate
gamma detectors. This method has been used to
calibrate the 5X5 in.^ and 3 X 3 in. well-type Xal
(Tl) crystal as well as the 3X3 in. solid crystal.

«

"Photopeak" counting efficiencies for these cr3's-

tals are shown in Fig. 3.

Well-type crystals are frequently preferred in
quantitative gamma-ray analyses because of their
high detection efficiency, reproducibility of sample
position and lesser dependence of crystal efficiency
to sample size.
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Some of the areas in which quantitative gamma-

ray analyses are useful are: activation analysis,

studies employing radioactive tracers, calibration

of sources used in industrial equipment and in-

struments, and nuclear spectroscopy studies.
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SEGREGATED ELEMENTS IN HIGH-TEMPERATURE ALLOYS:

X-RAY FLUORESCENCE ANALYSIS*

In production a high-temperature alloy is nor-

mally made by melting the elemental ingredients

in a refractory crucible in a vacuum or inert at-

mosphere. All of the alloy that is melted at one

time is referred to as a "heat," and each heat is

usually poured or "cast" into several ingot molds.

Upon cooling and solidification, the metal is in the

"as-cast" form. Generally the as-cast ingots of high-

temperature alloys must be subjected to expensive

high temperature working and heat treatment to

get them into useful forms. However, it is normally

necessary to know whether an alloy is within speci-

fications in the as-cast state so that the expense

of working and heat treatment can be avoided

if the alloy does not meet specifications.

The X-ray fluorescent method was used for anal-

ysis of high-temperature alloys as early as 1953.^

Since then it has been widely used for production

quality control of high-temperature alloys because

it is rapid, economical and inherently accurate.

However, in many cases only the majority of ele-

ments have been determined by X-ray fluores-

cence, and other analytical techniques have been

used for the remaining elements. Often these were

elements which were present in such percentages

that the X-ray method should have been apph-

cable. The determination of titanium in the nickel-

base high temperature alloy M-252 is an excellent

* Condensed with permission from an article in

Anal. Chem. 33, 589-92, April, 1961.

example. A typical analysis of this alloy is 19 per

cent chromium, 10 per cent molybdenum, 10 per

cent cobalt, 2.5 per cent titanium, 3 per cent iron,

1 per cent aluminum, 0.15 per cent carbon, 0.35 per

cent sihcon, the balance, nickel. Chromium, cobalt

and molybdenum have been determined on a rou-

tine basis by the single standard technique de-

scribed by Brissej-^ using randomly cut samples

with a surface finish obtained on a sander with 50-

grit abrasive belts. The standard deviations for

these determinations are about 1 per cent of the

amount of the element present which is about the

magnitude of error normally expected in X-ray

fluorescent spectroscopy. Iron determinations had

a standard deviation of 1.6 per cent because of ab-

sorption of secondary nickel radiation. This was

an acceptable level in view of the broad range of

iron content specified for this alloy.

With the advent of new analyzing crystals, par-

ticularly lithium fluoride, and the incorporation

of controlled atmosphere paths in commercial X-

ray diffraction equipment, the detectable intensity

of titanium characteristic radiation was sufficient

to permit such determinations of titanium. In fact,

the X-ray fluorescent method has been used to de-

termine the titanium contents of titanium-niobium

alloys,- ilmenite,^ oxide mixtures," and cemented

carbides.^ Only one mention of the determination

of titanium in high-temperature alloys was found

in the literature," and no data on the accuracy of

the results obtained were given.

The initial attempts to correlate wet chemistry

and X-ray fluorescent determinations of titanium

in M-252 alloy produced a standard deviation of

6.9 per cent. The standard deviations of the in-

dividual determination from their averages were

about 1 per cent for both methods showing that

they have approximately the same precision. It

was soon discovered that the very same surfaces

had to be analyzed by both techniques before

satisfactory agreement could be obtained between

the titanium determinations by the two methods.

Further investigation revealed that the dif-

ficulties encountered in these determinations re-

sulted from segregation of the titanium-bearing

phases. Survej^s of as-cast ingots varying in size

from 3 to 12 in. square in cross section showed that

this segregation occurred during cooling and fol-

lowed definite patterns which were related to

changes in grain size and shape. Figure 1 shows the

titanium distribution in an 8-in. square M-252

ingot in relationship to a photograph of the por-

tion of the cross section of the ingot which was

actually analyzed. This distribution is typical of

that found in all other M-252 ingots investigated.

Obviously, the titanium content indicated by

any type of analysis of such ingots would be de-

pendent on sample location.

The relatively high concentrations of titanium

at the interfaces between the columnar grains at

the surfaces of the ingots and the small equiaxed

(rounded) grains (Fig. 1), and the low titanium

content in the centers of the ingots may be the

result of a metallurgical phenomenon known as

inverse segregation. In high-temperature alloys

such as this the major portion of titanium is
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TITANIUM DISTRIBUTION IN AN 8" M-252 INGOT

240 12 3 4 3 2 1-
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Fig. 1. Titanium distribution in an eight-inch M-252 ingot shown in relationship to a
photograph of the grain structure of the portion of the cross section of the ingot which was
actually analyzed.

normally found in carbide or carbonitride particles

segregated in the grain boundaries of the cast al-

loy rather than in solid solution in the matrix.
Variations in melting and pouring practices have

produced considerable improvement in the ti-

tanium distribution in as-cast ingots of M-252, but
sufficient uniformity to eliminate the analytical
problems was not obtained. Also, it is known that
high temperature working and heat treatment
break up the as-cast structure and alleviate to
a large extent some of the problems associated
with analysis of high-temperature alloys. How-
ever, as stated previously, the analysis of a heat
must normally be determined in the as-cast state.

To obtain an accurate titanium analysis of an
as-cast ingot of M-252 alloy it is necessary to aver-
age the values obtained in making analyses of all

portions of the material between the surface and
the center of the ingot. This average value would
be representative of the titanium content of the
ingot. Fortunately, a simplified sampling pro-
cedure can be used which greatly facilitates X-ray
analysis. Just before a heat of an alloy is poured
into the ingot molds, a small tapered ingot is cast.

This can be accomphshed readily by dipping a
small refractory mold into the melt. This small
tapered ingot is cut at the place where the area
of its cross section is such that one half of it can
be irradiated at one time for X-ray fluorescent
analysis. Thus, the average titanium content is

obtained in a single determination. Results ob-

tained by this procedure have been consistently

in good agreement with wet chemistry determina-
tions of finished materials. In the analysis of nine
heats of M-252 alloy the standard deviation of the
individual X-ray fluorescent determinations from
the averages of the wet chemistry determinations
was 1.1 per cent of the amount of titanium pres-

ent.

In more recent nickel base alloys elements other
than titanium were found to segregate. Sometimes
these variations in composition were from the top
to the bottom of the ingot and not across the ingot.

Such segregation probably exists in other cast
alloys also. Therefore, the first step in establishing
a routine analytical procedure for a cast high-
temperature alloy is to make surveys to determine
whether segregation is a problem. If segregation is

present, then its pattern must be estabhshed so
that the proper sample can be selected for ana^'sis.

Obviously, it may be necessary to make analyses
of both vertical and horizontal section of the sam-
ple if segregation exists in both directions.
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SEMICONDUCTORS AND SEMICONDUCTOR DEVICES:

EFFECTS OF IRRADIATION

(See also Dose Rate Meters, p-n Junction)

This topic is important for both theoretical

and practical reasons. Semiconductor devices, in-

cluding transistors, rectifiers, infrared detectors,

and solar batteries are extremely important, not

to say dominant, in the electronic equipment of

today, and they have a sensitivity to nuclear radi-

ations which is so great that it must be considered

in many applications, particularly for military

and space equipment. Silicon crystals, to give an

example, show irreversible changes when struck

by as few as 10'° neutrons/cm' and other materials

may be nearly as sensitive. Silicon devices may
tolerate 10'* to 10'^ neutrons, depending upon the

application.

Semiconductors as materials, because of the

great sensitivity of their physical, and particularly

electrical properties, to X-ray, gamma ray, and

other nuclear radiations, are particularily useful

in the theoretical study of radiation damage and

in the measurement of nuclear radiations.^"'" This

arises primarily because each atomic defect created

in materials such as germanium can add or subtract

an electrical carrier, and since their conductivity

may be very weak to start with, a high sensitivity

of electrical conductivity to radiation is obtained

which may be used for comparisons with theory

or for measurement or control of radiation.

The effects of electrons and of rays such as X-
rays and gamma rays wdll be stressed in the present

survey. They will be considered as being closely

related in their effects. This is because high energy

gamma rays and electrons, are convertible into one

another through the processes of pair production,

Compton effect, and bremsstrahlung, among others.

Thus in any complete progression of radiation ab-

sorption of a high-energy gamma ray there are

generally involved a number of secondary and

tertiary electrons. A brief mention only is given

of the effects of heavy particles such as protons,

neutrons and alpha particles.

Effects of radiation include two main types: (a)

excitation and ionization of electrons, and (b)

atomic displacements producing vacancies or other

defects in the lattice. Since electrons and gammas
have but little interaction with the nucleus, trans-

mutation effects and other specifically nuclear

interactions are not discussed here. The effects

of heavy particles are in general much greater than

those of gamma-rays because of both the greater

density of defects produced and the effects of

nuclear transmutation.

The absorption of 1 mev gamma rays in semi-

conductors is illustrated'^ by Fig. 1, which shows

the relative intensity of the rays at various depths

in silicon and germanium. For comparison, the

range vs. energy curve for electrons is shown in

Fig. 2.'^ Thus a gamma-ray beam will give a much

smaller effect relatively on semiconductors and

semiconductor devices than electrons, because

of its relatively weak initial interactions. Once a

gamma ray has been absorbed, of course, a con-

siderable fraction of its energy is usually converted

into a Compton electron or a photoelectron, and

then the course of the process becomes more nearly

alike for the two types of beam.

Review of Radiation Damage Effects on Semi-

conductor Materials. Theory. The theory of

energy dissipation of high-energy X-rays, gamma
rays and electrons is extremely compUcated, and

no attempt is made to review it here. The bibli-

ography may be consulted."""'

For our purposes, a brief summary of the basic

physical effects of radiation damage may be given.

The following are the basic components of the pic-

ture :

1. Particles having an energy in excess of a

minimum value depending on the particle and the

bombarded material will displace atoms in the

lattice.

2. The damage so created will have permanent

effects on the following properties

:

a) Electrical conductivity (product of carrier

density and mobility).

b) Hall coefficient (equivalent to reciprocal of

carrier density).

c) Optical absorption.

d) Lifetime of minority carriers (important for

transistors).

Distance (inches)

Fig. 1. Penetration curve for gamma rays into

germanium and silicon.
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e) Thermoelectric power, etc.

3. Besides the permanent effects associated with

lattice displacement, there is usually a transient ef-

fect associated primarily with electronic excitations

and ionizations.

4. Depending on the distance of the lattice dis-

placement and upon the excess energy of the

incident primary above the minimum mentioned
above, the damage may be partially or entirely

annealed out. That is, if only a slight "kick" has

been given to the lattice atom, it can be easily re-

stored to its position, by heating the crystal for

a period of time. On the other hand, high energy

primaries tend to create nonannealable condi-

tions either by knocking a single lattice atom so far

that it cannot find its way back, or by creating so

many defects in one region that the crystal no
longer "knows" how to recreate itself. Thus most
bombardment effects contain a reversible and a

nonreversible or nonannealable component.
5. The questions of the total number of dis-

placed atoms, their spatial distribution and the

dependence of these quantities on the type
and energy of the primary particle are impor-
tant and complicated ones. Electrons and gamma
rays are simpler than heavy particles in some
ways because they produce less damage, there

is less clustering of defects, and lattice damage
is more nearly likely to consist of single lattice

displacements spread uniformly throughout the
crystal. Alpha particles on the other hand give

the opposite extreme of a high density of localized

damage centers, a high degree of self-annealing,

and short range, within a few mils of the irradiated

surface of the crystal. Fission fragments tend to

produce even more extreme examples of localized

damage.
We return to the above topics for more detailed

discussion.

6. Referring to the concept of the threshold
energy, it is now established that a lattice atom
that receives an energy (in electron volt) push of

about 20 ev from any source probably will be dis-

placed. Recent measurements indicate a value
of about 15 ev for germanium, in good agreement
with theory ."^^^ ^^ Conservation laws require that an
electron have about 355 kiloelectron volt (355,000)
in order to impart this energy to germanium lat-

tice atoms. Thus for electron beams below 355
kev there is little or no permanent or residual

effect, although there is an effect on conductivity
as a result of the electrons excited from germanium
atoms.

Experimental. The methods of measuring, pre-

senting, and analyzing effects of radiations on semi-
conductors are illustrated in Fig. 3.^ These are

results of electrical measurements on plates of

germanium single crystal which were measured be-
fore and after irradiation with gamma ra3'S from a

Co 60 source. The lower set of curves show the
Hall coefficient R of an n-tj^pe germanium crystal

as a function of temperature (the abscissa actu-

ally is \/T, the ordinate log R in order to aid

the analysis and interpretation). It is seen that
after irradiation by 1.9 X 10'^ photons/cm" the Hall

260

Energy (mev)

Fig. 2. Penetration curve for high-energy elec-
trons into germanium and silicon.

coefficient at room temperature has increased, al-

though it has not changed much, but that the

effects at lower temperature relatively are much
greater. These differences are an aid in the analysis

of the reasons for the effects—it is found that

gamma rays produce a different kind of conductiv-
ity-changing center than do the ordinary impurity
atoms responsible for the conductivity of most
germanium or silicon samples. This difference shows
up as a different temperature dependence. The
correlation of such results with theoretical anah'sis

enables us to build up a table or diagram illustrat-

ing the electronic character of the defect states.

What are the reasons for the increased resistiv-

ity? Semiconductors are of two types, n- and p-,

depending on whether the impurities tend to add
or abstract electrons. For example, addition of

phosphorus to germanium tends to produce low
^/-type resistivity. If to such a crystal we add
aluminum the net resistivit}' tends to go up again.

The lattice defects introduced by gamma rays in

the particular case shown in Fig. 3 have the same
7i-type cancelling (or p-tj-pe producing) character
as aluminum. These radiation-induced centers are

thus acceptors, and there appear to be a variety
of them possible in each and every semiconduc-
tor. In some materials irradiation may produce
?2-type or donor centers simultaneously with
acceptors.

It is seen that continued exposure to gamma rays

makes this n-type germanium go to high-resistivity

values at low temperatures. The high slope of the
l/T curve indicates that we have a "deep" accep-
tor, since higher temperatures are needed to pro-
duce the conductivity available. The slope indi-
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Fig. 3. Curves showing the Hall coefficient of a medium resistivity^ sample of n-type

germanium as a function of l/(abs temp) before irradiation with Co 60 gamma rays, after

irradiation, and after successive anneals at lOrC. The Hall coefficient is a measure of the

reciprocal of the carrier densitj^ (1/n) in electrons/cm^

cates an acceptor located at an energj^ value of

0.24 to 0.26 ev.

Similar effects are seen on the resistivity p. By
combining results on R and p it is found possible

to determine the effect of radiation on the carrier

mobility. By calculation it is found that irradi-

ation reduces the carrier mobility'', as is to be ex-

pected, since any disruption of the perfect lattice

is bound to interfere with electronic motions.

Also from the Hall coefficient it can be found
how many electrical acceptors are introduced by
each photon. Since the carrier density n = 1A X
W^/R, when R is in cmVcoul, a simple calcula-

tion shows that 1.9 X 10^'^ photons/cm" have pro-

duced a carrier density change of 4.9 X 10^- per

cm^. Since it is likely that each carrier is related to

a single atomic defect, we find that 1.9 X 10"/4.9 X
10^" or 40,000 photons are required per lattice defect

in germanium.
A complete analysis requires that a number of

samples of varying initial properties be studied by
such measurements in order to be sure that we
detect all the electronic states introduced by the

bombardment. Since donors and acceptors are

introduced simultaneousb^ in some cases the study

can be difficult and comphcated, and there is a

great deal of controversy among workers in this

field. The picture is comphcated even further be-

cause the results of irradiation may in themselves

be dependent on the perfection of the starting

crystal and the presence of certain impurities. Oxy-

gen in silicon, for example, has been shown re-

cently to have a profound effect on the nature and

distribution of the defects formed and their

electrical properties.

What is the nature of the defects responsible for

the observed effects? The answers are still not

known with certainty. The simplest model is per-

haps that of James and Lark-Horovitz,^° who
postulated that both the empty lattice site or
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vacancy, and the interstitial atom whose motion
created the vacancy, created electronic states

which brought about electrical effects. In this

model the vacancy, for germanium, produces two
levels, one just below the middle of the forbidden
energy gap, the other about 0.06 ev above the
valence band. The interstitial atom produces one
state about 0.1 ev below the conduction band, the
other abo..t 0.2 ev above the valence band.®
Annealing Effects. The results of Fig. 3 also

indicate the effect of anneahng, in this case 1

hour and 18 hours at lOrC. Both anneals pro-
moted a partial restoration of the electrical prop-
erties to their original values, although even with
indefinite annealing at 100°C the restoration is

not complete.

An interesting feature of the anneahng process
of irradiated materials is the low temperature
at which it takes place. It is found that even
when samples are irradiated at very low tem-
peratures, down to almost hquid hehum (4°K) for
example, there is appreciable annealing of the
damage during the irradiations. This means that
displacements are involved that are very slight,

and which can be restored by very little motion.
However, annealing at very high temperatures
is in most cases required to obtain complete res-
toration of properties.

Recent work indicates that low-temperature re-
covery in electron-irradiated germanium is about
50 per cent, in alpha-irradiated material about
20 per cent, and in neutron-irradiated material
barely detectible. These results indicate the rela-
tive proportion of ''close pairs" of vacancies and
interstitials introduced by the three types of ir-

radiation.

One of the characteristic features of anneahng
processes in semiconductors is their great sensi-
tivity to structure and to the presence of impuri-
ties already present. This is particularly true of an-
neahng processes which take place at the higher
temperatures. As indicated above, low-tempera-
ture anneahng is probably simply the direct re-
combination of a barely separated vacancy and
interstitial atom. For the high-temperature case, it

is hkely that the defects move around the lattice
for appreciable distances and are eventually
trapped and inactivated at centers which may be
other vacancies, dislocations, impurity centers or
clusters, or surface imperfections. These proc-
esses have been treated recently as examples of
''diffusion-controlled reactions".-^

By studying crystals containing only a few dis-
locations, Morin and Reiss'^ were able to get good
agreement between theory and experiment for the
anneahng process, in the related case of solution
and precipitation of lithium in germanium. The
processes occurring in irradiated materials, how-
ever, are sufficiently comphcated that only quali-
tative understanding has been achieved.
Because of the extreme complexity of the sub-

ject, no attempt will be made here to summarize
the energy levels introduced into silicon and ger-
manium by electron and gamma-ray bombard-
ment. Even after many years of investigation, the
subject appears to be a very complex one. The

energy levels do not seem to be simple ones, but
probably include simple vacancies along with
clusters and complexes of vacancies, interstitials,

impurity atoms, and dislocations, so that the ob-
served energy levels depend considerably on the
nature of the samples into which they are intro-

duced.

For a discussion of the energy levels introduced
in germanium, the reader is referred to the articles

by Crawford and Cleland,"* and by Blount." For
discussion of the energy levels introduced into

sihcon, see the article by Klein ."^ Willardson^* and
Aukerman^" discuss the energy levels in compound
semiconductors.

Effects of X-Rays and Gamma Rays on Alkali
Halides. Among the most widely studied crystals

for their reactions to X-rays and gamma rays are

the alkali halides, of which possibly sodium chlo-

ride and potassium chloride have been the most
studied. These crystals tend to develop rich colors

after X-irradiation, as a result of the formation
of lattice defects. They also may become photo-
conducting and may exhibit appreciable electrical

conductivity.

The permanent effects of X-rays on these crys-

tals, like most radiation effects, are very compli-
cated, but in simple terms we can state that in-

dividual lattice vacancies, where a negative ion

(CI", for example) is missing, tend to attract elec-

trons, which are trapped at the vacancy. The re-

sulting center is called an "F-center," and is re-

sponsible for the absorption of light, and the

photoconductivity. There are a number of other

such centers, including "F'-centers," "V-centers,"

and many others, depending upon the nature of

the lattice defect involved, and the electrical car-

rier trapped."^'
"'

The coloration of glasses by X-rays and gamma
rays is a related phenomenon, but since these

materials are not semiconductors in the usual sense,

we shall not discuss their properties any further.

General Resume of the Sensitivity of Semi-
conductor Materials, We have indicated above
that all semiconductor materials are damaged by
gamma ra3^s, and that some if not all of this dam-
age can be annealed if the temperature can be
raised high enough for a long enough period of

time.

Summarizing now the relative sensitivities of

the various materials to damage by gamma and
electron bombardment, we can state first of all

that silicon appears to be the most sensitive to

such radiations, with germanium next. The com-
pound semiconductors, such as gallium arsenide,

indium antimonide, and related materials are also

sensitive to such radiations. The mechanisms of

damage and the detailed processes of annealing are

even more complicated and obscure than for silicon

and germanium.
Effects of Gamma Rays and Electrons on

Semiconductor Devices. General, The sensitivity

of any of the above materials is determined par-

tiallj' by the basic lattice characteristics, but also

partially by the doping level of the material.

Highly doped materials show much less sensitivity

to radiations of all types than lightly doped or
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100 150 200

Reverse voltage (volts)

Fig. 4. Reverse current for a silicon diode before,

during, and after irradiation. The scale for the

reverse current as a function of voltage during the

irradiation is that at the right, in ma, while that

for the diode before and after irradiation is that

at the left, and is in millimicroamp.

intrinsic ones, and devices which can be made
from highly doped materials are most promising

for applications requiring radiation tolerance. Esaki

diodes are a prime example of devices having

highly doped semiconductor elements, but which

are only relatively tolerant. Transistors are ex-

amples of devices in which the tolerance is typi-

cally small.

Devices which may be operable at high tem-

peratures may be self-annealing, and for radiation

insensitivitj^ high temperature, high-band gap

materials may be important. Sihcon carbide, tita-

nium dioxide, and related materials have been of

interest as possible sources of diodes and transis-

tors which w^ould operate at such high tempera-

tures that they would be self-annealing to radi-

ation damage under operating conditions. Silicon

carbide rectifiers, for example, have been made
to work at a red heat, 500°C and better. The
nature of radiation damage effects and rates of

annealing in this material have been little studied,

except for some studies with fast neutrons."^

Diodes. In the remainder of this article we give

a short review of the effects of gamma ray, X-ray

and electron irradiations of semiconductor devices.

Even more so than is the case with single-crystal

materials, the effects of radiations on semiconduc-

tor devices are very complex, since secondarj^

effects upon surfaces, packaging materials, solders,

and other auxiliary parts of the device are added

to the effects on the active materials used in the

device.

Just as in the case of materials, effects of radi-

ation on devices can be divided into (a) transient

and (b) permanent or nearly permanent effects.

Transient effects occur because of the produc-

tion of electron-hole pairs by the radiation. These

pairs are produced in a number such that about

4 ev are required in Si or Ge per pair; thus a 1

Mev electron could, if completely absorbed, pro-

duce 250,000 pairs, and these could be sufficient

in number to considerably affect the conductivity

and other properties of a transistor, diode, or simi-

lar device.

Assuming the densities of added holes and elec-

trons are equal and each has the value An, then

the change in conductivity is given by

la = An (fjin + fJip) ohm"^ cm"^

if An is in /cm^, fi in cmVvolt-sec, where mp and fx„

are the drift mobilities.

Added carriers will also produce junction effects,

and transient voltages equivalent to the photo-

voltaic effect will be produced.

y = (kT/e) In (1 + YL^rt) volts

where tl is the rate of production of carriers in

the junction region, r, the thermal generation rate.

The sensitive region may be considered to be

(L„ + Lp), the sum of the diffusion length of the

minority carriers on the two sides of the junction.

As an example of the effects of gamma rays on

semiconductor devices we refer to measurements

made by IBM at the Sandia Corporation test

facilities, and summarized in Ref. (29). The de-

vices used were "Transitron" 1N646 double-dif-

fused silicon-junction diodes, t3'pical semiconductor

devices. They were subjected to a series of bursts

of gamma rays from the "Linac" linear accelera-

tor and both the transient effects on reverse cur-

rent and the permanent changes in current-voltage

characteristics were measured.

The photovoltaic voltage of the diode was

measured as a function of time, for a radiation

pulse extended in a rather irregular wave form

over about 7 microsec. The total dose indicated by

dosimeters was 188 roentgen. It was found that the

transient voltage extended about the same length

of time as the primary radiation pulse. This is

indicative of a low storage time in the diode,

either pre-existing, or else produced by the pulse

itself. The use of electron or gamma radiation

to lower lifetime and thereby to reduce the time

over which minority carriers will remain active

in the semiconductor material, is now a well-

accepted commercial practice in the semiconductor

industry. Similar resuhs can be achieved by doping

the material with such metals as gold, which are

also extremely effective in reducing lifetime and

storage time.

The effects upon silicon diodes are summarized

by the results in Fig. 4. There we see the reverse

current before and after a radiation experiment,

plotted as a function of reverse voltage. For com-

parison Fig. 4 also shows the diode reverse char-

acteristic during the irradiation, when the gamma
rate is 50 X 10^ r/sec. The reverse current dur-

ing irradiation is measured in milliamperes rather

than millimicroamperes, an increase of over a

million.

The shapes of the curves before and after ir-

radiation indicated that the bulk diffusion current

is permanently increased by the irradiation, but

that the surface leakage of the diode, in this

case, at least, is unaffected.

Another interesting property is that semi-
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conductor diode breakdown voltages are relatively

insensitive to electron or gamma radiation.

Transistors. Transistors are related to semi-

conductor diodes in that they consist of two
diodes in close proximity, the one (emitter) diode

interacting with the other (collector) diode so as

to give power gain. The gain parameter, a, it turns

out is the parameter most sensitive to nuclear radi-

ations, and transistors in general are very sensitive

to all kinds of nuclear radiations.
'''^-

The effects of gamma rays on transistors are not
unexpected, since they are basically effects upon
lifetime and diffusion length in the base region

of the transistor. There is both a transient effect

upon the transistor leading to a change in satura-

tion current, and a permanent degradation of the
transistor properties leading to increases in the
leakage currents of the diodes and to reduction of

the gain parameter a.

As an indication of the sensitivity of transistors,

it is found that low-frequency transistors may be
sensitive to as little as 10^^ neutrons incident on
the active region. Such transistors have a rela-

tively thick base region, however, and recent work
indicates that high-frequency transistors having a
very thin base region (as small as 1-10 micron),
may be relatively insensitive to all types of nuclear
radiations. As an example, a Fairchild 2N706 high-
frequency transistor suffered only a 15 per cent
degradation in a when subjected to a dosage of
10^^ neutrons. Such relative insensitivity would
also apply to irradiation by gamma rays or X-rays.
Transistors such as these may tolerate as many as
10^" neutrons without losing power gain completely.
Independently of any small changes of a re-

sulting from defect production there is a change
in semiconductor conductivity which must also

eventually lead to destruction of the transistor,

although at much higher radiation dosages than
are generally seen to affect gain. Since in ger-
manium gamma rays tend to produce a net ac-

ceptor action eventually the rays will convert all

n-type material to p-type and the basis for tran-
sistor action ceases to exist.

A considerable amount of work has been done
and is being done on transistors to enable predic-
tions to be made on new structures subjected to
irradiations, based upon what is known about older
types of units. Such analysis involves design theory
of transistors. The Ebers-Moll equation, describing
the collector characteristic of a transistor, has been
found to give a good basis for the theoretical de-
scription of changes in transistor characteristics,

based upon presumed changes in the bulk life-

time T and the surface recombination velocities."'*

Solar Cells. Solar cells are broad-area p-n
junction devices exhibiting a photovoltaic effect.

They are of considerable interest from the point
of view of radiation damage, since they are one
of the chief sources of power for space appli-

cations. Discovery of the Van Allen radiation
belt and the known high level of cosmic rays in

outer space has made it important to understand
the effects of gamma rays. X-rays and electron
radiations as well as of fast protons on these cells.

Being p-n junction devices, solar cells are quite

sensitive to such radiations, and radiation damage
is probably the chief reason why power supplies
of several satellites have failed after several

months' service while in orbit around the earth .^

Solar cells are generally made of silicon, and con-
sist of a diffused la3^er of n-type material into a p-
type base. Cells having a p-type layer on an n-type
base appear to be, however, somewhat more radi-

ation resistant. Recently, however, there has been
rapid development of gallium arsenide (GaAs)
cells with nearly equal efficiency, so that the re-

sponse of these cells to radiation has also been a
subject of much interest.

It has been found, surprisingly, that gallium
arsenide devices^* seem to be more sensitive to
electrons and less to other nuclear radiations such
as protons than silicon devices. If, as seems likely,

further studies will show that GaAs cells can be
made that are less sensitive than Si to electrons as

well, they will probably be preferred in many
future space applications if they can be prepared
at prices comparable to those for sihcon units.

A typical result for the degradation of silicon

cells in the inner Van Allen belt is that the power
output per cell drops from about 20 mw (milli-

watts) output when launched to about 16 after

one month's exposure, with relatively little shield-

ing protection, and to about 10 mw after 10

months. Of course most of the effects in this en-
vironment are due to protons and, less important,
to electrons.

Use of Semiconductor Devices for Measure-
ment and Control of Radiation. Use of semi-
conductors and related materials for measurement
and control of nuclear radiations has been studied
for many years. In the field of dosimeters, the
coloration effect of the alkah hahdes is a well-

known method of determining total exposure to X-
ra3^s and gamma ra^^s.

The transient conductivity changes of semicon-
ductors has also been used for control purposes.^^"^®

Cadmium sulfide is particularly sensitive to X-raj's,

and it has been used in industrial control apphca-
tions for many years. It has, however, a very
slow response.

More recently, semiconductor "crystal counters"
have been developed for the accurate counting of

individual nuclear particles, not only as to number,
but also with respect to energy. Unfortunately, no
such p-n junction device has yet been developed to
count individual gamma or X-rays.^°

We do not include in our discussion here the
"scintillation" tj-pe of counter, which might be an
organic crystal such as anthracene, or an inorganic
one such as sodium iodide, since the properties in-

volved are not essentially related to the semi-
conducting nature of the crystal.

Among the materials whose sensitivity to X-rays
has caused them to be proposed for X-ray detectors
are gallium arsenide, selenium, cadmium telluride,

cadmium selenide, and others, besides silicon, ger-

manium and cadmium sulfide.

It is probable that the semiconductor detector
can detect individual X-ra3' quanta with energies
above about 10 kev. Below this value the number
of electron-hole pairs is so small (4000) that it
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would be extremely difficult to see the pulses pro-

duced over the noise in the circuit.
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SHIELDING OF STRUCTURES FROM FALLOUT GAMMA
RADIATION (ANALYSIS METHODOLOGY)*

Parallel with nuclear weapons development has

been the concern in the field of structures for

shielding against the residual radiation from fall-

out. The sources of this residual radiation are 200

radioisotopes from fission products which adhere to

the earth and debris which is vaporized by the

detonation of the weapon near the ground, and

which then cools and forms particles in the at-

mosphere. The larger particles fall back to the

earth's surface within a day or two, but some
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remain aloft far longer. Since delayed fallout

offers no shielding problems, the term ''fallout"

as used in this report will pertain to the early fall-

out only. Significant amounts of fallout beyond the
blast area do not arrive earlier than about one-half
hour after an explosion. From then on, it begins
to cover an increasingly large area and may even-
tually blanket thousands of square miles. Sub-
stantially all of the early fallout has reached the
ground within one day after the explosion. The
pattern of early fallout depends largely on the
type, the size, and the height of burst of the
weapon involved; and the meteorological condi-
tions for the first day after the explosion. In areas
where the patterns of two or more weapons over-
lap, the hazard is increased; and in a massive
nuclear attack much of the country will be covered
by dangerous radioactive contamination. Since
it is not possible to predict the exact amount of

fallout in any given location, it is therefore rea-
sonable to make conservative assumptions in most
shielding analyses.

The particular interest in shielding problems is

the actual distribution of the fallout particles on
and around a structure. Fallout will settle on roofs,

parapets, sills, or any smooth level or sloping
surfaces. The effects of wind, rain, and snow on
fallout deposition are only qualitatively known.
Fallout is usually assumed to cover roof surfaces
uniformly according to their horizontal projection.
Fallout deposition in the area around a structure
may be of equal or greater importance than on
the structure itself. Again, certain relative con-
ditions concerning the geography and the prox-
imity of the building to other buildings enter into
the analysis of the contributing field.

Radioactivity carried by fallout particles is of

three different kinds—Alpha, Beta and Gamma.
Alpha and Beta emitters may be dangerous if they
are ingested through contaminated food, water, or
air; but from the shielding standpoint, they offer

no problem. Gamma radiation is very penetrating
and can penetrate the body causing serious damage
to living tissue. The principal concern by profes-
sionals dealing with radiation shielding is with
the unit roentgen, which is a measure of exposure
to a radiation field. The energy absorbed by bio-
logical material is usually measured in ''rads" (1
rad = 100 ergs/gram). Whereas the rad is a meas-
ure of the result of exposure, it has long been
practice to blur this distinction by speaking of the
biological effects of y roentgens—actually meaning
the effect resulting from energy absorbed during
an exposure totaling y roentgens. The probable
acute effects of Gamma radiation on humans for
both short-term and long-term exposures are used
as parameters for the determination of shielding
for shelter occupancy.
The propagation of Gamma radiation is of

special interest to those concerned with the design
of barrier shielding against such radiation. It is

known that each photon of energy that is incident
on a barrier may pass through the barrier without
interaction; be absorbed in the barrier (photo-
electric absorption and pair production) ; or be
scattered in the barrier (Compton effect). The

probability of an interaction depends on the barrier

thickness, type of material and on the photon
energy. In the scattering process, the photon loses

only a part of its energy to the electron. After
scattering, the photon travels in a different direc-

tion and at a lower energy than it did before the
interaction. The important consequence of this

effect is that radiation may emerge from a barrier
at a very different direction from the original
direction of the incident radiation. Fallout Gamma
radiation is made up of a series of characteristic
energies; there will be more radiation of some
energies than others. The energy spectrum of fall-

out which exists 1.12 hours after the explosion is

used. It was chosen because it is, comparatively,
the hardest early spectrum, and this has the great-
est penetrabiHty during early times when the fall-

out field is most intense. The spectrum decreases
in average energy until roughly 10 days after
detonation, when it again becomes more energetic.
The intensity at this time has decreased by manj^
hundredfold and should offer little danger.
The uniformly contaminated plane of infinite

extent can be assumed to be made of a collection
of point sources of radiation. As the distance of
a detector above the uniformity contaminated
plane is changed, the dose rate from each point
source that makes up the contamination varies
inversely with its distance from that source. As the
detector height is doubled, the dose rate from the
point source directly below the detector decreases
by a factor of four, but the dose rate from a more
distant point source hardly changes. This, coupled
with the effect of air absorption from the more
distant sources, results in an expression for the
with the effect of air absorption and scattering
from the more distant sources, results in an expres-
sion for the variation in dose rate with height
above a plane source that is very different from the
inverse square law for a point source. This varia-
tion in the dose rate may also be applied to cleared
areas. That is, the slant distance from the detector
to the circumference of a cleared circle in the uni-
formly contaminated field may be substituted for
height as an initial position.

Consider a situation in which a coUimated de-
tector is located over a uniformly contaminated
plane. When pointed vertically downward, it sees a
particular source density equal to that of the con-
taminated plane. As it is tilted, the source density
perpendicular to the source detector hne increases.
Hence, the dose rate will be higher. As the detector
approaches a horizontal position, the effect of air

absorption becomes greater since the radiation
from distant sources has a greater chance of inter-

action in the air. It might be assumed that as the
detector is tilted upward from the horizon, its

reading would be zero. This is not the case. Al-
though no direct radiation is seen, the air itself

scatters some radiation. The air-scattered radi-

ation is called "sk3^shine" and is a manifestation of
the Compton effect. This variation of the reading
of the collimated detector is termed "directional

distribution" and, with variation of height, is used
in calculating the difference in dose rates for vari-

ous situations.
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In shielding analysis, the mass thickness,

commonly expressed in pounds per square foot, is

the only property of the barrier material used in

shielding calculations for fallout radiation. Effec-

tive mass thickness depends on the electron density

of material and is proportional to Z/A (atomic

charge to atomic mass number). It happens that

most construction material yields a value of ef-

fective mass thickness that is approximately eciual

to weight per unit area. In many shielding situa-

tions, the radiation striking the barrier is not

collimated and some of the radiation scattered

in the barrier can reach the detector. An at-

tempt is made to account for the scattered ra-

diation by starting with a point source and de-

tector separated by a barrier of fixed thickness

and increasing by steps the area of the barrier

seen by the detector. At first, the dose rate will

increase due to radiation scattered in the barrier.

When the dose rate no longer increases with the

area, broad beam conditions are said to exist.

The common method of evaluating the shielding

at a detector located adjacent to the barrier is to

correct the narrow beam attenuation by what is

called the "build-up factor," which depends on the

shield material, the source energy and geometry.

In actual practice the narrow beam attenuation

and build-up factor are not considered separately,

but only their product, which is called the "barrier

factor." In a sense, the geometry factor may be

regarded as a correction for the absence of broad

beam conditions.

Source geometry most frequently encountered in

shelter calculations is that of a contaminated

plane. For simpHcity, three basic situations in-

volving a plane source and a barrier are considered

(Fig. 1). Case I—fallout is deposited on top of

a horizontal barrier. This is termed "fallout on a

horizontal barrier." The corresponding barrier

shielding gives the ratio of the dose rate immedi-

ately under the barrier to that at three feet above

an infinite contaminated plane of the same source

density. Case II—fallout is deposited on a hori-

zontal plane on one side of a vertical barrier. This

is termed "fallout adjacent to a vertical barrier."

The corresponding shielding curve gives the ratio

of the dose rate on the shielded side of the barrier

to that on the unshielded side of the barrier. Both

dose rates refer to a height of three feet above the

plane. Case III—fallout is deposited around the

barrier but does not lie directly on it. This is

termed "fallout adjacent to a horizontal barrier."

The plotted curve gives the ratio of the dose rate

at a detector immediately under the center of the

barrier to a detector shielded from direct radiation

but that is located immediately above the center

of the barrier. That is, both detectors receive only

radiation which has been scattered at least once in

the air above the horizontal barrier.

The evaluation of geometry shielding effects fre-

quently requires the calculation of solid angles sub-

tended at the detector by a radiating surface. A
solid angle is a measure of how much of the field

of view of the detector is occupied by a radiating

surface. If the surface is very close to the detector,

it occupies a large portion of the field of view and

the solid angle is correspondingly large. Although

the sohd-angle fraction subtended at a detector

by a radiating surface gives a good indication of

the geometry shielding effect, it is far more ac-

curate to consider also the directional distribu-

tion associated with the radiating surface. The

combined effect of the sohd-angle fraction and

the directional distribution is termed "directional

response." It is used to assess how much radia-

tion to a given finite surface is contributed to

a detector. Directional response for an overhead

contaminated plane is closely related to the mass

thickness of the barrier between the plane and

the detector (Fig. 2). Thus, charts for over-

head contribution have as their parameters the

soUd angle fraction and the mass thickness and

give a combined effect of both directional response

and the barrier effect. Directional response from

the ground contamination around the detector is

calculated for three separate cases of directional

distribution (Fig. 3). These cases are of the direct

case, the skyshine case, and the scattered case.

Note that scatter is with reference to both the up-

per and lower solid angles measured from a stand-

ard three-foot-high position of a detector in a

given space. In actually solving shielding problems,

use is made of combining or differencing tech-

niques. Note that if two solid-angle fractions are

both above or below the detector plane, the direc-

tional responses are subtracted. If, however, one

solid-angle fraction is above and the other below

the detector plane, the directional responses are

added. All solid-angle fractions are referred to the

same vertical axis.

The mass thickness of the wall largely deter-

mines the relative amount of direct and scattered

radiation and indicates quantitatively this effect.

For the purpose of this report, the term "non-wall-

scattered" refers to radiation which passes through

the walls without interaction regardless of whether

or not it has been scattered in the air outside of

the structure. In other words, both direct and sky-

shine cases are considered to be directional re-

sponses for non-wall-scattered radiation. The term

"wall-scattered" refers to radiation scattered in the

walls of the structure. Weighting directional re-

sponses for both non-wall-scattered and wall-scat-

tered radiation which reach a detector after passing

through a vertical surface may be done by calcu-

lating, first, the directional response for the struc-

ture, assuming walls of zero mass thickness. This is

as if the dectector were located in an area cleared

of contamination and only wall-scattered radiation

is detected. Secondly, calculate the directional

response for the structure assuming walls of very

great mass thickness and that only wall-scattered

radiation is detected. And third, weight the steps

by the use of suitable proportion which accounts

for the scattering associated with the actual mass

thickness of the wall.

Present studies also indicate that a detector

located between two very thick walls of infinite

length and height would have a lower reading than

one at the center of a square tower with walls of

the same mass thickness, even if both structures

were located in smooth contaminated planes of
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equal source density and extent. These studies

show that the dose rate in the square structure

would be about 1.4 times the one measured in the

two-wall structure. Rectangular buildings would
logically fall between 1.0 and 1.4. This effect has

been accounted for in a shape factor which is ap-

plied to the geometry factor for the calculation of

wall-scattered radiation.

In practice, the term "protection factor" is the

coefficient which, when applied by a dose rate in a

protective position, will equal the dose rate outside.

This outside dose rate is that which would be in-

dicated by a detector three feet above the center

of a smooth uniformly contaminated area of in-

finite extent. For convenience in calculation, the

reciprocal of the protection factor, called the

reduction factor, is used. The reduction factors are

expressed as decimals and can be added when
combining the effects of fallout on the roof over a
detector and fallout on the ground around the

detector. For example, the roof contribution at a

given detector may be 0.015 and the ground con-
tribution at this same point 0.01. The sum of these,

0.025, would be the total reduction factor. The
protection factor in this case would be a reciprocal

of 0.025, or 40. It is of interest to note that the
Office of Civil Defense has recently completed a
survey of over 55 million shelter spaces in which it

has been shown that 10 million have a protection
factor of better than one thousand, and the mean is

a protection factor of 250. In addition, approxi-
mately 20 milhon have a protection factor from 70
to 100. Another 48 million of 40 to 70 ; another 87
million of 20 to 40. Whereas this total sounds im-
pressive for the protection of the population, it

100 150 200 250 300 350

TOTAL OVERHEAD MASS THICKNESS. Xo(ps()

100 200 300

MASS THICKNESS, X(psl)

Fig. 1. Barrier shielding effects from plane source.

Fig. 2. Reduction factors for combined shielding
effects, roof contribution.

should be noted that these spaces are not properh-
distributed; the problem is that the safet}^ is

mostly in downtown areas and not in the outlying
areas where families live.

Theoretical and experimental work indicates

that in procedures currently used, protection fac-

tors should be rounded off to not more than two
significant figures. For thinner barriers, mass thick-

ness is usually given to the nearest pound per

square foot. For thicker barriers, the nearest five

pounds per square foot is commonly used.

The complexity of the equations which must be
used to make shielding analyses is so great that

analytical solutions are not appropriate. Instead,

it is necessary to make use of functional expres-

sions. Many of the expressions used in shielding

analyses are functions of two variables. For ex-

ample, the barrier reduction factor for walls is a

function, not only of the mass thickness of the

wall but also of the detector height above the

contaminated plane. Elementary calculations as-

sume that the detector is located at the center

of the structure. The protection factor, however,

can vary from point to point within the struc-

ture, and it is very useful to be able to calculate

the protection factor for detectors located away
from the center. This is done b}' projecting a

fictitious, S3'mmetrical structure for each quadrant

as measured from a detector to the limits of a

fictitious structure which is four times the size of

each quadrant and then simply taking one-quarter

of the final result of the calculation. Adding up
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SOLID ANGLE FRACTION, u,

Fig. 3. Directional responses, ground contribu-

tion.

these one-quarter values gives the total contribu-

tion to the detector.

In actual practice it is necessarj^ to take into ac-

count the effect of windows in wall barriers. The
detector immediately behind a window is subject

to both direct radiation from the ground and the

skyshine. In upper story shelters where windows
are likely to occur, the height is also an important
variable in determining both the ground contribu-

tion and the wall barrier reduction factor. If a

detector is moved from the center of a window
to near the top of the window, it can be seen that

the zone through which direct radiation is received

from the ground is now increased, whereas the

skyshine zone is virtually eliminated. Conversely,

a detector at sill level will be subject to onh' the

skyshine which passes through the window, and,

therefore, a protection factor at this point would
be greater than either of the other two detector

positions. The ground contribution through the

wall is determined by assuming no windows and
subtracted from the ground contribution through
that portion of the wall that is actually occupied
by the windows, but, for the moment, is assumed
to be solid. This subtraction yields the ground
contribution to that portion of the wall not occu-
pied by windows, and to this is added the actual

skyshine contribution to the windows themselves.
The basic approach to the problem of shielding

analysis is to consider a simple structure with only
one type of wall construction. Actually, the walls

on the street side of a building may be 25 or more
per cent windows, whereas the wall on an alley

side might have little or no fenestration. Also, the

internal arrangement of interior partitions is more

often than not unsymmetrical, so that radiation

coming from one direction may have to pass

through several wall barriers whereas in another

direction it may have only to pass through a

single wall barrier. It is necessary, therefore, to be

able to analyze the structure to take into account

variations of this kind. The usual analysis requires

the use of the azimuthal sector. To calculate the

ground contribution to the wall type in one sector,

it is necessary to assume a fictitious building in

which all four walls are of this type and which has

dimensions of the over-all structure. The calcu-

lations for ground contribution for this fictitious

building are completed in the usual manner and

then adjusted by the azimuthal fraction which

a wall occupies in an actual structure.

The simplest situation involving interior parti-

tions is called the "parallel partition" case. Each

interior partition is parallel to a corresponding

exterior partition. This type of partition influences

the shielding analysis in two ways. First of all,

radiation from sources on the roof which are

located on the peripheral areas outside the central

core must in addition to the roof slab pass through

the interior partition in order to reach the detector.

Secondly, the radiation from ground sources which

pass through the exterior wall must also now pass

through the interior partition in order to reach the

detector. When windows are involved, parallel

interior walls can be particularly important. The

method for taking the barrier effects of these par-

titions into account is similar to that just de-

scribed. Often partitions which are perpendicular

to exterior walls are used to subdivide a structure

into different rooms. When these partitions have

any substantial mass thickness, they can increase

the protection factor for a given shelter area. The

azimuthal sector method is used to zone the areas

for various thicknesses of perpendicular partitions

between the radiation source and the detector.

Special rules governing the effect of aperatures

and the attenuation of radiation through passage-

ways reveal the important fact that one 90-degree

turn in such a passageway is a highly effective radi-

ation shield, provided the walls of such passageway

have a high barrier shielding value.

Another complication in shielding calculations

is the effect of adjacent buildings which change the

limits of the field of contamination. Separate per-

centage adjustments to wall-scattered and non-

wall-scattered, ground-contributed radiation are

made with respect to each face of the building,

and totaled by the azimuthal sector process. The

methodology of this ''mutual shielding" adjust-

ment is currently being further simpHfied.

George M. Clark

SIEVES, SYNTHETIC MOLECULAR, STRUCTURES*

Synthetic molecular sieves are crystalline zeo-

litic alum.inosihcates that are of general interest

because of their selective adsorptive properties.^

* Condensation of extended paper in J. Am.
Chem. Soc. 82 1041 (1960), by permission.
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These properties are due to a crystal structure in-

corporating interconnecting channels and cavities

of definite and uniform size. Molecules having
appropriate dimensions with respect to these
channels can enter and be adsorbed in the internal

cavities.

The molecular sieves commonly identified as
4A, 5A and 13X are crystalline aluminosiHcates
precipitated from an alkaline mixture of silica and
alumina. The 4A sieve is a sodium aluminosilicate
which adsorbs only molecules smaller than pro-
pane. The 5A sieve results from exchanging re-

placeable Na ions in 4A with Ca ions. It adsorbs
molecules smaller in cross section than iso-paraf-

fins or aromatics. The 13X sieve has even larger
channels and adsorbs most ordinary hydrocarbons.
The crystal structure of 4A and 5A type sieves

has been discussed by Reed and Breck" and by
Barrer.^ The crystal structure of 13X sieves is

known from its powder diagram to be essentially
the same as that of the naturally occurring min-
eral faujasite. The structure of natural faujasite
has been described by Nowacki and Bergerhoff.*
The crystal structures of the hydrated form of

the two major types of synthetic sieves, 4A-5A
and 13X, were deduced independently in this
Laboratory, Our development of these structures
was based on our early recognition of a cubo-

I3X
ao"24.9 t
(DIAMOND LATTICE EXCEPT *- LINES)

'VA^^^^ji/LLyAAj'
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DEGREES (2 9)

Fig. 1. X-ray diffraction patterns of molecular sieves.

45 5550



SIEVES, MOLECULAR 996

octahedral structural unit, similar to that in the

mineral sodahte, as being the fundamental build-

ing block of both types of sieves; this was inde-

FiG. 2. Structure of 4A and 5A molecular sieves;

Na or Ca ions are not shown.

pendently recognized by Barrer.' An alternative

structural unit, a small aluminosiUcate cube, has

been cited as the fundamental unit in the descrip-

tion of 4A-5A.^

This report outlines our parallel work in eluci-

dating the fundamental structural framework of

these materials, and in addition describes more

extensive studies of them, in particular the appli-

cation of the three-dimensional Fourier method to

powder data for the refinement of atomic positions

and the location of cations.

ExperimentaL Specimens of commercially

available molecular sieves (in powder form, with-

out binder) and of similar sieves prepared in these

Laboratories were used in this work. The samples

were exposed to room air and contained about 25

to 35 wt. per cent water. All X-ray work involved

in the determination of the structure of these mo-

lecular sieves was done with a Philips Geiger

Counter X-ray Diffractometer. Samples were

ground and packed into flat specimen holders.

The sample exposed to the filtered copper X-ray

beam was about ViQ-in. X !/2-in. X y2-in. One-

degree divergence and scatter slits were used with

a 0.003 in. receiving slit.

Portions of typical X-ray diffraction patterns of

4A, 5A and 13A are shown in Fig. 1. From the

original precision traces of 4A and of 5A the rela-

tive positions of the diffraction lines identified

these materials as having a simple cubic lattice,

with a lattice constant ao = 12.30 ± O.IA. for

4A and 12.31 ± O.OIA. for 5A. In a similar

Fig. 3. Structure of 13X molecular sieve ; Na ions are not shown.
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manner, the 13X type crystal was found to be
face-centered cubic with a lattice constant Go =
24.91 ± 0.02A. The powder lines shown by 13X
were almost exclusively those having Miller in-

dices permitted by the diamond structure.

Development of Models. The development of

models to explain the structure of these molecular
sieves was based on the well-known principle that
in many aluminosilicates both Si and Al are tetra-

hedrally coordinated by oxygen anions. From ad-
sorption data, it was known that channels of cer-

tain approximate size existed and from the above
X-ray data the crystal system and the unit cell

size were known. From trial assemblies of
(Si,Al)04 tetrahedra it was soon recognized that
the primary building block for both 4A-5A and
for 13X was a framework of these tetrahedral
groups that closely resembles the main structural
unit in the mineral sodahte and the ultramarines.^
This building block will be called the "sodalite
unit." It contains 24 (Si,Al) ions interconnected
with 36 oxygen anions. The oxygens form 6 octa-
hedrally positioned rings containing 4 oxygen ions
and one set of cubically positioned or two sets of
tetrahedrally positioned 6-element rings of oxygen
ions. The (Si, ADO* tetrahedra in the sodalite
units that are the building block for the 4A-5A
framework are symmetrically arranged so as to
place the 4-ring oxygens in a plane and yield point
symmetry Oh for the unit. In the 13X structure,
however, the sodalite unit eventually was found to
be distorted from Oh symmetry to Td symmetry
(by partial rotations of the tetrahedra) in about
the same way as in the mineral sodalite.®

The framework of 4A and 5A sieves consists of
the more symmetrical sodalite units located at the
corners of the cubic unit cell. Each sodahte unit
is joined to its neighbor by 4 "bridge" oxygens
connecting the 4-element rings of (Si, ADO* tetra-
hedra. This assembly is shown in Fig. 2. Inspec-
tion of this figure shows that the framework (ex-
cluding Na and/or Ca ions) of 4A and 5A sieves
is such that the adsorption cavities are spaces sur-
rounded by the 8 sodahte units placed at the
corners of the cubic unit cell, and the channels
result from interconnection of these cavities at
openings 4.11A in diameter produced by rings of
8 oxygen ions at the cetners of the cube faces. This
structure has space group 0\-Pm3m.

_

In the structure of the framework of type 13X
sieve the sodalite units are again used as the pri-
mary building blocks. In this case, however, the
sodahte units are placed in tetrahedral coordina-
tion in the same manner as are carbon atoms in
the diamond structure and are connected together
at their 6-element rings by 6 bridge oxygens. This
arrangement (constructed with the more sym-
metrical units) is shown in Fig. 3. Here, the mini-
mum openings (7.41A in diameter; in the channels
are rings of 12 oxygen ions. The space group of
this structure is 0VFd3m.
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SILICATES, CALCIUM. See Portland Cement Compounds.

SILICATES, LAYER. See Layer-Lattice Silicates.

SILVER HALIDES: STRUCTURES AND IMPERFECTIONS

Soon after the introduction of the powder dif-

fraction method, Wilsey apphed it to the deter-
mination of the structures of the silver halides.

Beginning in 1921 and during the following few
years, Wilsey^ estabhshed that AgBr and AgCl
had the rock-salt structure and formed solid solu-

tions in all proportions. The lattice parameters
were a linear function of composition. He also

determined that Agl crystalHzed in either the
hexagonal wurtzite structure or in the cubic zinc

blende structure, depending on the details of the
crystalhzation process. It was found that as much
as 60 mole per cent iodide could be incorporated
in the silver bromide structure before a second
phase having the silver iodide structure appeared.
With but few exceptions, no further work was
done on the structural aspects of the silver halides
until the recent resurgence of interest brought
about by a realization that imperfections in the
structure are of importance in understanding some
of the unusual characteristics of the silver hahdes.
Point Defects in AgBr. An interesting property

of AgBr is its high ionic conductivity. As the tem-
perature is increased, the ionic conductivity in-

creases rapidly and so does the coefficient of ex-
pansion. Both of these phenomena are attributed
to the existence of mobile ions which have been
ejected from their normal lattice sites by the lat-

tice vibrations. There was some question as to

which of the two types of lattice imperfection
(Fig. 1) existed in AgBr. A Frenkel defect is pro-
duced when a silver ion goes to an interstitial

position. Current flows by movement of either the

interstitial ion or the vacant site. It is unlikely

that the bromide ion will move to an interstitial

position because of its large diameter. A pair of

Schottky defects are produced when two ions

near the surface of a crystal jump to positions on
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the surface of the crystal. This process must in-

volve pairs of oppositely charged ions to preserve

approximate electrical neutrality within the crj'S-

tal. Charge is transported by movement of either

of the vacancies. The total number of unit cells

in the crystal remains the same when Frenkel de-

fects are created but increases when Schottky de-

fects are created. This difference is the basis on

which the X-ray diffraction method provided a

criterion for establishing whether Frenkel or

Schottky defects are produced in silver bromide

at high temperatures.' For, if Frenkel defects were

produced on increasing the temperature, the lat-

tice constant a should increase in the same pro-

portion as the length I of the crystal, i.e., Al/l =
Aa/a ; but if Schottky defects are produced, the

length of the crystal should change more rapidly

than the lattice dimensions such that Al/l =
Aa/a + //3, where / is the volume fraction of

Schottky defects. The increases in length and in

lattice dimension of silver bromide on increasing

the temperature from 25°C to the region from

350°C to 420°C were compared. The results were

nearly identical and showed that it is almost ex-

clusively Frenkel defects which are produced in

silver bromide at high temperatures. However, the

experimental errors were such that the existence

of about one-tenth of the total defects in the form

of Schottky defects could not be excluded. The

simple relation just given of the equality of lattice

expansion and macroscopic expansion of a crystal

to which Frenkel defects are added was questioned

by Miller and Russell' on the basis of a theo-

retical analysis of displacements of atoms sur-

rounding a point imperfection. A more precise

theoretical treatment of the problem by Eshelby^

supported the equality. Perhaps most convincing

was the paper by Berry*' which showed that ex-

perimental measurements supported the equality

in both ionic crystals and metals in which known

concentrations of point defects were introduced by

impurity substitution.

Keith and Mitchell' reported that the existence

of Schottky defects in AgBr at room temperature

may be excluded because they were unable to de-

termine any difference in the molecular weight of

AgBr as determined by X-ray (Mx) and that

known from accurate chemical data (Mc). The

molecular weight from X-ray values is given by

Mx = Na^ p/n, where N is Avogadro's number, a
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Fig. 1. Production of Frenkel and Schottky de-

fects in an ionic crystal having NaCl type of struc-

ture .
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is the lattice parameter, n is the number of mole-

cules in the unit cell of the ideal lattice, and p

is the density. However, this conclusion by Keith

and Mitchell is not justified since their measure-

ments of density and lattice parameter leave an

uncertainty in the result of about ±1.6 X 10"*,

whereas the concentration of lattice defects at

room temperature is estimated to be^ about 1 X
10"® in the absence of impurities. Thus, the ac-

curacy of the measurements of density and of

lattice parameter fails by orders of magnitude to

permit a conclusion concerning the type of lat-

tice defect at room temperature in AgBr.

When silver iodide is heated above 146°C, it

undergoes a solid phase transition^ which is ac-

companied by a remarkable increase in ionic con-

ductivity. The high-temperature structure was de-

scribed by Strock' as consisting of iodide ions in

a body-centered cubic arrangement, with the silver

ions not localized but occupying the large inter-

stitial volumes between iodide ions. Even at room

temperature, the structure of hexagonal Agl is

rather compUcated for a material of such high

symmetry. In this case, Helmholz'° found that

the X-ray intensities require the silver ions be

distributed at random among four positions tetra-

hedrally surrounding the ideal position in the

wurtzite structure.

Imperfections in Silver Halides Grown from

the Melt. In addition to the Frenkel defects which

are responsible for the ionic conductivity or dif-

fusion in AgBr and AgCl, other types of imper-

fections may be present. In crystals grown from

the melt, there may be chemical impurities, grain

boundaries, vacancy aggregates and dislocations.

With the possible exception of the chemical im-

purities, all of these defects produce a crystal of

lower density than an ideal crystal. Thus, measure-

ments of density were made^^ for comparison with

the ideal crystal density determined from the rela-

tion, p — {nMc/Na^), in which the quantities were

all defined in the previous section.

The density measurements were made on large

pieces of clear crystal with a pycnometer, using

distilled water at 25°C as the displacement hquid.

Flotation methods of density determination which

often give very accurate results cannot be used

with the silver hahdes because of the high density

required. Measurements of unit cell size were de-

termined from powdered specimens. To compute

the ideal density of the specimens, the atomic

constants were used which were derived by Strau-

manis^' from measurements on specimens of cal-

cite presumed to be perfectly sound. In no case

was a silver halide specimen found which was per-

fectly sound. The departure from perfection which

may be characterized by the relative difference in

gross density and X-ray density, Ap/p, ranged

from values of -0.8 X 10"* for a pure silver bro-

mide specimen to -18 X 10"* for a silver bromide

specimen containing about 4 mole per cent silver

iodide in solid solution.

It was concluded that the concentrations of

impurities, of point defects, and of large-angle

grain boundaries were much too small to account
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for such large values of density defect. This indi-

cated that the defects responsible for the lack of

soundness in the silver halides grown from the

melt were vacancy aggregates and the dislocations

which always accompany a mosaic structure. If

the density defect were entirely the result of dis-

locations, it would require a concentration of

about 10^° per cm^, which is quite large but not

unreasonable in these specimens.

Measurements of Dislocations in Microcrys-

tals. A variety of observations have indicated that

dislocations and grain boundaries in large cr3^stals

of silver bromide may act as the sites of electron

trapping and latent-image formation. Because of

this, it has been desirable to devise methods for

estimating the dislocation content of photographic
emulsion grains whose diameters are only about
1 (U,. For this purpose a simple convergent beam
X-ray diffraction scheme (Fig. 2) was devised."

In Fig. 2, F is the focal line of a copper target,

^ is a lead absorber having an aperture of 125 /x

in diameter through which X-rays are directed to

specimen S. In practice, the aperture and specimen
are in close proximity. The diffraction pattern is

recorded on a flat film, D. Since a small pinhole
is used to limit the number of grains to be irradi-

ated, only a few diffraction spots are recorded.

When the full length of the focal line is used,

each crystal receives radiation from a fairly wide
angle ; hence, if planes of the crystal are bent, dif-

fraction streaks will be recorded.

The method has considerable sensitivity and
can detect that amount of bending which occurs
when only one dislocation is introduced into a

grain of about 0.5 ^l size. For a variety of photo-
graphic emulsions, the amount of bending of the
crystal planes was determined and the number of

dislocations per grain was estimated from the re-

lation N = (A2^) D/h, where A2^ is the angular
length of a streak, D is the grain diameter, and h

is the length of the Burgers vector, taken as 4.0

A

in AgBr. In this relation all the dislocations in any
one crystal are assumed to be oriented in one di-

rection.

The number of dislocations found in emulsion
crystals is ordinarily a small number, such as 5 to

10, but it is zero in some silver halide precipitates.

Such crystals, which are structurally perfect, do
not form any internal silver when exposed to light.

Another type of X-ray diffraction procedure was
used by Herz and GrounselP who attempted to

determine whether the grains of a coarse-grain

X-ray emulsion were actually single crystals or
whether each grain might be composed of several

crystals grown together. The method used is the
scheme described by SproulP^ for determining the
crystal size from spotty powder diffraction rings.

As adapted by Herz and GrounseH, a microbeam of

X-rays impinges on a few randomly oriented crys-

tals of a photographic emulsion, so that powder
diffraction rings are recorded on another film.

Each spot on the ring is caused by reflection of a
set of lattice planes making the Bragg angle with
the direction of incidence. The expected number
of reflection spots for a given powder ring can be
calculated from K = pN cos 6 (de + A)/2, where

Fig. 2. Geometry of convergent beam X-ray
technique.

p — the multiplicity factor or the number of co-

operating planes, N = the number of emulsion
grains irradiated, 6 = the Bragg angle, dd — the
divergence of the X-ray beam, and A = a range
of angles over which reflection is possible, owing
to departure from exact monochromatism, varia-

tions in lattice spacings caused by bending and
distortion, and lack of angular resolution if the
crystal is very small. The number of emulsion
grains irradiated (N) and the number of spots
(K') obtained on a powder ring of given index
were counted. Since the ratio K'/K appeared to

be about twelve, it was stated that the emulsion
grains were composed of twelve separate crystals.

Doubt arose however, about the vahdity of this

result due to uncertainties in the determination of

the term (de + A). The determination of dd
was made difiicult partly because of the internal

reflection occurrmg within the lead glass capillary

and no direct experimental assessment of A was
possible.

Because of these uncertainties another approach
was made by Herz, using an oscillation type of

microbeam method described by K. W. Andrews
and W. Johnson.'*' In this the term A -{- dd is

eliminated by the use of two exposures in which
the specimen is oscillated at two different oscilla-

tion angles. Consistent results were obtained in

this way and the mean number of substructures
per grain was found to be three.

Photodecomposition of AgBr. Koch and Vog-
ler'" showed in 1925 that, after exposure of silver

bromide to light, powder diffraction lines charac-
teristic of metalhc silver were present. Since this

was a nondestructive test in which it was unnec-
essary to dissolve the silver bromide before mak-
ing the analysis, it afforded some of the most con-
vincing evidence that the latent image was metallic
silver rather than some of the other entities which
had been proposed before that time.
More recently, Beriy and Griffith'^ apphed X-

ray and electron diffraction techniques to deter-
mining the orientations of silver which were pro-
duced in single crv'stals of AgBr 300 to 400 /x in

diameter by exposure to fight. It is interesting to

note that the anah'sis of these results gave the first

evidence for the separation of metallic silver

along dislocation lines in silver bromide, which
was subsequently confirmed by Hedges and Mitch-
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ell," who observed with the optical microscope

that dislocation arrays in thin, silver bromide sheet

crystals were decorated with silver particles.

The two diffraction techniques gave different

orientations of silver and this was interpreted as

being caused by different mechanisms of silver

separation deep within the crystal and just be-

neath the surface. There was no silver directly on

the surface, owing to the rebromination caused by

escaping bromine.

The orientation shown by X-ray diffraction may
be described as the parallel ahgnment of the sym-

metry directions which are common to silver and

silver bromide. This gives a very poor fit of atoms

at the interface because the unit cell of silver

bromide is_ larger than that of silver by almost

exactly V2 . The two orientations which were ob-

served by electron diffraction permitted an almost

perfect match of atoms to be made at the inter-

face by joining on (100) faces rotated 45 degrees

or by joining on (110) faces rotated 90 degrees.

It is an interesting observation that electron-

diffraction measurements of the orientation of sil-

ver deposited on the surface of silver bromide in

a vacuum or by chemical reduction of the surface

showed only the parallel orientation of silver.

The parallel orientation must occur whenever

rows of silver atoms close-pack along [110] direc-

tions of the silver bromide. This is a likely direc-

tion for terraces to occur on the surface of the

silver bromide crystals whose edges are [110] di-

rections. Within the crystals, it is the direction of

slip-° along which dislocations and cracks may
form. Silver grows in these directions inside the

crystal during photolysis when electrons, freed by

absorption of the light, are trapped by silver ions

at the dislocation.

The orientations observed by electron diffraction

after photolysis could occur just below the surface

of the grain in the following way: Suppose that

electrons were trapped to form F-centers at vacant

bromide-ion sites which are left behind when
gaseous bromine escapes from the surface. Rows
of /^-centers would exist along [110] directions. If

these rows of /^-centers collapsed to form metaUic

silver without a change in the separation of the

silver ions, the observed orientations of silver

would occur.

Additional studies of the orientation of photo-

lytic silver in silver haUdes were made by Sonoike^

and by Pashley."^ Pashley produced the silver by

electron bombardment of oriented deposits of sil-

ver halides and found by electron diffraction only

the parallel orientation of silver with prominent

(HI) twinning. Recently Boardman and Herz"^

found the parallel orientation in tabular crystals

of silver bromide of about 20 fi in diameter.

Changes in Lattice Parameter During Photo-

decomposition. Many investigators have at-

tempted to find changes of lattice dimensions of

photographic emulsion grains by hght or X-ray

exposures in the range to produce latent images.

The results have been confusing since some in-

vestigators have reported changes which are quite

large and easily measurable, whereas other in-

vestigators have found only very small changes or

none at all. Of course in every case the X-ray dif-

fraction experiment had to be carried out in such

a way that the X-ray exposure given to the

grains during the measurement was neghgible. In

most cases this was accomplished by moving the

specimen film in the X-ray beam.

Hess-' reported increases as large as 0.2 per cent

in lattice dimensions on pre-exposure to X-rays,

but Burgers and Mesritz"^ were not able to find

any change using the same kind of commercially

produced specimen film. In another attempt to

reproduce the results of Hess, Brentano and

Spencer^® used somewhat different specimen ma-

terials and found no correlation of lattice-spacing

change with exposure time. Further, Brentano

and Spencer found no change in lattice spacing

any larger than 0.004 per cent.

Measurements were made by Berry-^ using sev-

eral changes in procedure to avoid some of the

difficulties in earher measurements. Most impor-

tant, the specimens were measured with the gelatin

swollen with water and glycerin. This was con-

sidered to be absolutely essential since it was

demonstrated by Berry^ et al, that large changes

in silver bromide lattice dimensions occur from

the pressures of drying a suspension of silver

bromide in gelatin. Moreover, further large

changes in lattice dimensions were demonstrated"®

when dry photographic emulsions were bent, as

may have occurred in moving the specimen films

over rollers.

The maximum change in lattice dimension

caused by exposure was found by Berry"' to

amount to -0.003 per cent. This lattice contraction

was attributed to formation of a small part of the

total latent image in the form of /^-centers. The

rest of the latent image was presumably in the

form of metallic silver. Huggins'' attributed the

lattice contraction to self-trapped positive holes

(uncharged lattice bromine atoms) and equal num-
bers of silver-ion vacancies.

Measurements by Waidelich^° indicated large

increases in lattice dimensions of AgBr film coat-

ings on exposure. However, the measurements

were made on dried coatings moving over rollers,

which makes the values unreliable. The existence

of a substantial pressure effect is indicated by the

value given for the lattice dimensions of the un-

exposed films, which are smaller than that for pure

AgBr'^^ by 0.3 per cent. In addition, the measure-

ments were made on the (620) reflection of AgBr

which could be interfered with, owing to the

growth of the (420) reflection of silver which falls

at almost exactly the same Bragg angle.

Mechanisms of Precipitation of SoHd Solu-

tions. The most sensitive photographic emulsions

often contain crystals having iodide ions in solid

solution with silver bromide. In studying the de-

tails of precipitation of such mixed crystals. X-ray

diffraction analysis of the crystalhne phases has

been very effective. The diffraction analysis de-

pends simply on the linear relation between iodide

content and lattice parameter, and the effect is

so large that the lattice-parameter measurement

does not have to be precise. The specimens for

diffraction analysis may be obtained by removing
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small volumes of material from the precipitation

vessel at appropriate times, diluting these in cold

water to prevent changes in composition, then

centrifuging to give specimens containing crystals

in the size range of about 0.1 to 1.0 /*.

Berry and Marino^^ applied this method to two
common precipitation processes: one, in which
a silver nitrate solution is slowly added to the

precipitation vessel which contains a solution of

potassium iodide, potassium bromide, and gela-

tin; the second, in which a silver nitrate solution

and a solution of halides are slowly added simul-

taneously to the gelatin solution in the precipita-

tion vessel. Quite different results are obtained b}^

the two precipitation schemes. By either scheme
it is possible to produce, under certain conditions,

either homogeneous crystals of a single composi-
tion or several crystalline phases. More nearly

homogeneous crystals are produced in the single-

jet method when the rate of precipitation is high
and when there is an excess of KBr (which acts

as a solvent). Using the double-jet method of mix-
ing, more nearly homogeneous crystals are pro-

duced when the rate of precipitation is low and
when there is no excess of KBr in the mixing
vessel. An interesting feature of the single-jet

scheme is that the Agl which precipitates alone
in the early stages of an experiment will then dis-

solve and recrystallize in solid solution with
AgBr, as the addition of AgNOs continues.

Growth Habit and Twinning in AgBr. Al-
though microcrystals of AgBr are in the form of

dislocation-free cubes when precipitated with no
excess of either silver ion or bromide ion, it is

possible to produce octahedral crystals bounded
by {ill} surfaces when there is some excess of

bromide ion and ammonia. Tabular crystals are

invariably produced when there is a large excess

of bromide ions. A mixture of tabular crystals and
octahedra is shown in Fig. 3. The reason for the

tabular growth was not clear until Berriman and
Herz''^ were able to obtain Laue diffraction pat-
terns in a microcamera of individual crystals only
a few microns in diameter. The Laue diffraction

patterns frequently had sixfold symmetry where
only three-fold symmetry was expected. This
showed that the tabular crystals were twinned on
a {111} plane. Berriman and Herz attributed the

accelerated growth to rapidly growing re-entrant

surfaces at the intersection of twin planes with the

edge of the crystal.
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SOLAR CELLS. See Semiconductors and Semiconductor

Devices.

SOLAR X-RAYS

From the ground ultraviolet emissions can l^e

detected only down to a wavelength of about

2900A because of absorption by ozone ui the

earth's atmosphere. Even with stratosphere bal-

loons, this impasse continued until 1946, when tlie

U.S. Naval Research Laboratory obtained the first

"rocket ultraviolet" solar spectrum of the Lyman
hydrogen series (a, 1215.67A). The emission of

solar X-rays first suspected by Burnight of NRL
in 1948 from the blackening of photographic emul-

sions placed behind Be and Al filters and flown in

V-2 rockets, was confirmed by Friedman with pho-

ton counters in 1949. In 1953 Meredith, Gotlieb

and Van Allen (See ref. 7) discovered X-ray emis-

sion in the auroral zones, identified with electrons

of 10 to 100 kev energy which can penetrate to the

90- to 110-km region. The experiments were car-

ried out by means of Rockoons across the auroral

zone from the North Atlantic through the Davis

Straits off Greenland. The electron flux has recently

been directly detected at Fort Churchill in IGY
rocket launchings. The X-ray intensities observed

at altitudes of 40 to 70 km were of the order of

10^ to 10^ photons cm"- sec"^ in the energy range 10

to 100 kev. Van Allen attributes the X-rays to

bremsstrahlung of the electrons as they are stopped

in the atmosphere above 90 km. In 1959 7 Nike-

Asp rockets flown in coincidence with solar flares

were successful in gathering data which showed in-

creases in the radiation measured by Geiger count-

ers in the 2-8 and 8 to 20A regions, and by an ion

chamber in the 44 to 60A band. The increase in in-

tensity was accompanied by a hardening of the X-
ray spectrum. The spectral distribution of the short

wavelength emission from 30 to 120 kev was de-

termined from pulse-height analysis of scintilla-

tion counter data. The spectrum declined very

rapidly at the rate of a factor of 2 for every 5 to

6 kev increase in quantum energy.

In April, 1960, scientists of the Naval Research

Laboratory succeeded in obtaining the first X-ray

photograph of the sun, using an Aerobee-Hi rocket

to carry the camera above the earth's atmosphere.

The sun's X-rays do not penetrate the air below

a height of 60 miles. The photograph shows the

sun rimmed by a bright X-ray halo, and with sev-

eral intense bright spots of intense X-ray emission

distributed over the disk.

The important ciuestion concerning the sun is

the process by which its energy, released deep in-

side by the conversion of hydrogen into helium,

is transmitted through its atmosphere and radiated

to earth. Most mysterious is the 11-year periodicity

in the sun's radiation output. Although the total

energy radiated changes so little as to defy detec-

tion, there is a manyfold increase in X-ray inten-

sity at solar maximum, discovered through rocket

experiments.

The visible disk of the sun is characterized by a

surface temperature of 6000°K. Extending high

above the disk is the thin outer atmosphere of the

sun—its corona. Because its brightness is only one-

millionth that of the disk—roughly equivalent to

the full moon—the corona can be seen only during

a total eclipse, at which time it appears to stretch

millions of miles into space. The coronal gas is

\ory tenuous but hot, the average temperature

being about 1,000,000 degrees, with local hot spots

reaching perhaps 10.000,000 degrees. At this very

high temperature the gas is completely ionized

and the electrons travel about at such high speeds

that their collisions with the heavy atomic nuclei

generate X-rays. The X-ray intensity has been

measured from rockets and found to play an im-

portant role hi the formation of the ionosphere,

which in turn controls long-range radio communi-

cation.

Technique of First Photograph. For the first

photograph a simple pinhole camera was used,

since suitable lenses for X-rays were not yet avail-

able. The pinhole, 0.005 in. in diameter, was cov-

ered by a thin plastic film supporting an opaque

coating of aluminum to block visible and ultra-

violet light but transmit X-rays. The wavelengths

so transmitted were in the range of 20 to 60A. Thus

the solar spectrum formerly known only in the

frequency range of 10'' to 10'" cps was extended

to 10'^ and downward to 10^ (by radio techniques),

widening the "window" from 1 power of 10 to 11

powers of 10. Because the sun subtends so small

an angle, the image recorded in the 6-in. camera

was only V20 in. in diameter, but it was success-

fully enlarged. During the rocket flight to 130

miles above the White Sands Missile Range, the

pinhole camera was mounted on a biaxial pointing

control, developed at the University of Colorado,

which aimed the camera at the sun throughout

the flight, with accuracy of within V2 minute of

arc or %o of the solar diameter. However, the

rocket's motion caused the camera to turn slowly

about its axis as the flight progressed. (Continuing

research in the past year has been aimed at better

control of the unpredictable roll, yaw and pitch
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of rockets.) Thus any details in the photograph

were smeared through concentric arcs of about 170

degrees, but the most interesting features were by

no means obscured (Fig. 1).

The bright ring around the periphery of the disk

represents the thickness of the coronal atmosphere

from which the X-rays are emitted. Because this

shell of gas is completely transparent to its X-ray

emission, it looks dimmest near the center where

the emitting region in the line of sight is thinnest.

On a line of sight edgewise through the shell, the

thickness is much greater and the rim appears

correspondingly brighter. Virtually all the X-ray

emission is confined to a height of about Vs of a

solar radius above the disk. At the time of the

flight a bright visible plage of calcium light ap-

peared near the center of the disk just below the

equator. The same region seemed to be responsible

for intense X-ray emission, evidently as spectral

characteristic lines rather than continuous radia-

tion, with an intensity 70 times that from the

weakest region of the background, one indication

that most of the X-ray emission originates in a

few localized areas of the corona. These are coronal

condensations overlying the plage formations 8 to

9 times the density of the undisturbed corona.

More Recent Works. Since May, 1960, efforts to

improve the photography and spectroscopy of

solar X-rays have been centered largely in the

design and construction of image-forming devices

to focus on X-ray sources in space—in other words,

X-ray telescopes—based on reflection of X-rays

from mirrors as in the Kirkpatrick reflecting X-ray

microscope. A. V. Baez at the Smithsonian Astro-

physical Observatory, has already obtained prom-
ising results with a system of multiple crossed

mirrors, preferably spherically or cjdindrically

curved, upon which the X-ray beams impinge at

grazing angles. Theoretically such a system should

be effective at wavelengths as short as 1.5A.

The greatest difficulty with rocket-borne spec-

troscopic laboratories is the shortness of time

available for observing. The Aerobee-Hi rocket,

still in common use for astrophysical research,

provides only 5 minutes of time above 100 km, and

2 to 3 minutes above 200 km, where there is very

Httle absorption. Hence, attention is now directed

to satellites. Some results have already been ob-

tained, although not publicized. Attention is now
also being concentrated on the far-ultraviolet

range of solar radiation, corresponding to very

soft X-rays, in an attempt to provide answers to

many questions about the chromosphere and co-

rona, inasmuch as the resonance lines of atomic

species that exist at the high temperatures of

these regions lie in this wavelength range. Also,

photomultipliers which are relatively blind to the

intense long-wavelength portion of the solar spec-

trum, which normally causes very troublesome

stray light, have enabled reaching 65A with a

resolution of the order of 5A. Until the summer of

1962 efforts to observe X-ray emission from celes-

tial sources yielded only negative results. Xo fluxes

stronger than 10"® erg cm"- s~^ per angstrom in

Fig. 1. First X-ray photograph of the sun (April

1960) with pinhole camera in Aerobee-Hi rocket

130 miles above White Sands Missile Range (Xaval
Research Laboratory).

ranges 1 to lOA and 44 to 60A have been seen in

scans of the sky from White Sands, N. M.
Latest evidence from space has convinced the

Air Force that sources of X-rays beside which a

giant star would be a pigmy are in existence,

probably tens of hundreds of light years away.

Underlying this conclusion is the fact that bil-

lions of known stars are presumably producers of

X-rays, and none of these has ever been detected

because of the interstellar distances involved.

And yet, as revealed now. Air Force rockets

sent up from White Sands, N.M., recently found

that streams of X-rays were coming from at least

two sources out in space. They were not from the

sun, and not from anywhere in the solar sj'stem.

In order to be detected at all, the sources would
have to completely dwarf the Van Allen Radia-

tion Belt around the earth.

There was no wa}^ of calculating the distance of

the sources but they apparently lie within the

wheel-shaped galaxy to which the solar system be-

longs.

The earth is near the outer edge of this '"wheel"

of stars. The streams of X-rays were coming from
the direction of the htib, which is the direction of

the Milky Way.
A first supposition is that the X-rays were com-

ing from enormous accumulations of electrons

which are somehow held in place by a magnetic

field, in the same way that the A^an Allen Belt's

electrons are held by the earth's magnetic field.
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SOLID DIELECTRICS. See Dosimetry, Gamma Ray by Re-

coil Electron Currents.

SOLID SOLUTIONS: DIFFRACTION ANALYSIS

Definition. Crystalline materials are said to be
in solution when a single solid phase of two or

more components homogeneously dispersed re-

tains the characteristic crystal structure of one of

the components.
These solutions are of three general types:

1. Substitutional

2. Interstitial

3. Subtractional

Substitutional solid solutions may be formed

—

but are not always—when the atomic or ionic

radii of the solute and solvent do not differ by
more than about 15 per cent. If the difference is

greater, solutions of this type do not generally

form. (Pearson in "Handbook of Lattice Spacings

and Structure of Metals,"^ discusses the govern-
ing and limiting factors of solution in the solid

state. Much original and fundamental work is

cited, and a comprehensive bibliography is in-

cluded.)

When the components involved are completely
miscible, continuous series of solid solutions are

formed, i.e., solute atom or ion replaces its solvent

counterpart one by one over the entire composi-
tion range. This requires, in addition to the above
prerequisite, that both components have the same
crystal structure and is most likely to occur when
this structure is face-centered cubic.

When components are not completely miscible,

the extent of substitution or range of soHd solu-

tion is limited by saturation of the solvent. Such
limited substitutional solid solutions do not re-

quire that the crystal structures of the solids be
the same. The component whose structure is re-

tained by the solution is termed the solvent. Gen-
erally the solution is reversible but the extent of

solubility in one direction gives no indication of

the extent in the other; indeed, saturation points

are usually markedly spread.

Interstitial solid solutions are those in which the

solute atom or ion does not substitute for solvent

counterpart but rather is sandwiched into the

solvent lattice, occupying to varying degree (up to

saturation) those interstices of one geometric
kind. Interstitial solid solutions are, by definition,

limited. Their formation is largely governed by the

comparative sizes of solute atom or ion and
solvent lattice holes.

Subtractional solid solutions are formed when,
for a reason not clearly understood, a solvent will

not tolerate an electron concentration per unit

cell in excess of a certain maximum. The solid

solution may begin to form and progress as purely

substitutional until the tolerable electron concen-
tration is reached. At this point, as solute con-

centration is increased, the solvent unit cell must
expell atoms or ions, leaving the vacated sites

empty, so as not to exceed the maximum allow-

able electron concentration.

Analysis. Quantitative anah'^sis of solid solu-

tions by X-ra}^ diffraction (XRD) is many times
the only complete quaUtative characterization as

well. The principle underlaying the XRD powder
technique is the relationship between lattice pa-
rameters (or some function of them) and com-
position.

XRD has two distinct advantages over other

methods of anah'sis. First, it yields the actual

composition of the particular cr3'stalline species

rather than the composition of the total sample.
If, for example, the composition of the solid solu-

tion species as determined b}^ XRD varies appre-
ciably from that of theory or that found by other

methods of analysis for the total sample, it sug-

gests an additional phase (perhaps not crystalline)

or preferential loss of one component, etc. It can
be a most precise way of determining phase
boundaries or solubility hmits. Second, once hav-
ing estabhshed the lattice function vs. composition
curve, XRD is usually quicker and more eco-

nomical for routine analysis for subsequent sam-
ples.

In substitutional type solutions, the lattice func-

tion vs. composition can be closely approximated
by simple mathematical treatment. Vegard's law,

which states in substance that in binary continu-

ous solid solution systems, lattice parameters vary
linearly with atomic per cent of components, i.e.,

expand or contract according to atomic or ionic

volume ratios, holds quite closely for systems
where solute and solvent atoms or ions are chemi-
cally similar and not greath^ different in volume.
Likewise, for substitutional solid solutions which
are limited bj^ saturation, the lattice parameter
of the solvent exhibits this relationship. Other
factors (e.g., relative valency and electronegativ-

ity) frequently produce minor deviations from
the law, but the general application has been well-

established—at least to the precision required for

qualitative characterization. For precise quanti-

tative results, an experimentally determined work-
ing curve (lattice function vs. composition) can

be established using solutions whose composition

is reliably known, and whose homogeneity has

been demonstrated.

For interstitial solid solutions, placement of

atoms or ions into a structure already having all

main lattice points filled requires expansion of the

lattice, even though the solute atom or ion is

necessarily smaller than its solvent counterpart.

The degree of expansion is linearly related to the

relative volumes of solute atom or ion and the

solvent lattice interstice occupied. Unless these
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quantities have been previously well-defined, how-
ever, it is difficult to predict the slope of the lat-

tice function vs. composition curve. For this rea-

son, it is usually more efficient and certainly more
reliable to set up the quantitative analysis on the

basis of an experimentally determined working

curve. It should be emphasized that the accuracy

of subsequent analyses can be no better than the

precision with which the composition of samples

used to establish the curve is known.
Since the range of solid solubility in this type of

solution is usually quite limited, and especially if

solute atom or ion volume is quite small relative

to that of solvent lattice hole, high relative ac-

curacy in determining lattice dimensions is re-

quired. In those cases where lattice distortion is

quite small, it is very satisfying to confirm the

interstitial disposition by comparison of measured
and calculated densities. In ternary systems, where
it is not unusual to find substitutional solution of

two components with interstitial penetration of an
additional component(s) into the substitutional

solid-solution lattice, this type of treatment is

generally required to fully define the system.
For identification of a subtractional solid solu-

tion, the establishment of lattice function vs.

concentration curve, together with composition
vs. measured and calculated density curves, is

prerequisite. Where substitution ceases and sub-
traction initiates is indicated by a sharp change
of direction on a plot of lattice function vs. com-
position; the measured density vs. composition
also exhibits a marked change of rate.

Precision. Measurement of lattice parameters
with high absolute accuracy is strongly recom-
mended for any data which may eventually be
pubhshed. However, absolute accuracy is not re-

quired for routine quantitative compositional
analysis of solid solutions unless one has to resort

to the literature for comparative data. This is

true because unknown samples can be handled by
the same experimental procedure (instrumenta-
tion, ambient temperature, etc.) as that used for

preparing the lattice function vs. concentration
curve. It is essential to guard against lattice dis-

tortions resulting from specimen preparation (e.g.,

elastic strains from excessive cold work in pow-
dering the sample), or to insure their effective

removal by subsequent treatment of the powder.
Thus, a relative accuracy of ±0.0001A is efficiently

and rehably achieved and if the variation in lat-

tice spacing with composition is not unduly small,

an accuracy of a fractional atomic percentage can
be expected. The limiting factor is usually not the
precision of lattice spacing measurement, but
rather the precision with which the composition
of reference standards can be determined. By use
of quantitative preparations, chemical analysis.

X-ray fluorescence analysis, or some combinations
of them, sufficient accuracy for even the most
exacting requirements can be reahzed.
Examples. A detailed presentation of analytical

data is not needed in this brief note. The uses and
value of this analytical tool in the chemical in-

dustry are indicated by the examples cited below.

The list is not all-inclusive. Rather it is given
chiefly to stimulate the reader's thinking and to

give a glimpse of the general application.

In certain systems of mixed metal oxides, e.g.,

CoFeo04/7-Fe203 ," it was of interest to demon-
strate the uniqueness of particular single-phase

compositions over the continuous solid-solution

range as opposed to the corresponding binary mix-
tures, with primary regard to correlation with
magnetic properties.

In oxide-strengthened metals, e.g., AI2O3 in

nickeP (the sohd-solution system NiAloOi/??-

AI0O3), the fate of the oxide was of interest—as

related to both production control and physical
properties of the metal.

The system B/B4C* was studied to establish the
solid solubility range.

In the doping of gaUium arsenide, the existence
and extent of solid solutions and possible correla-

tion with electrical properties was of interest. The
solubihty of all doping agents studied was quite
limited (0.0—0.5 atom per cent) but the lattice

parameter was measurably changed, (0.0000-

-O.OOSOA)''- ' by the doping agents. This illus-

trates nicely the ultimate sensitivity of the
method.
There are also applications of a more qualitative

nature. For example, the estabhshment of the
stoichiometry and/or the identiflcation and char-
acterization of solid solutions as minor impurities
in binary or ternary compounds, the state of (or
lack of) combination of components (e.g., support
and active) in catalyst formulations (new and
used), and miscellaneous lattice constant deter-

minations to characterize products of potential
commercial interest, support metallurgical re-

search, supply evidence of substitution in ion-

exchange research, etc.
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SOLID SOLUTIONS: LOCAL ORDER AND ATOMIC SIZE

FROM X-RAY DIFFUSE SCATTERING

Much of the present-day chemical understanding
stems from stereochemical information; that is,

from the orientations and lengths of interatomic
bonds in compounds. When it is attempted to ob-
tain such information about solid solutions, new
problems arise because the crystal structure is

only statistically defined. We shall consider here
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• Lattice points

O Atom center

Fig. 1. Interatomic distances in a binary solid

solution.

the definition, and the determination by means of

X-ray diffuse scattering, of the structure of solid

solutions. Although the present discussion is in

principle applicable to organic, inorganic and

metallic solid solutions, historically most of the

interest has been in the latter. In fact, only the

simplest cases of substitutional binary alloys with

the face-centered cubic (FCC) or body-centered

cubic (BCC) structures have received much at-

tention and the present cUscussion will generally

be confined to these examples.

Local Order. In a binary alloy (1 - x)A + xB,

where x is the atomic fraction of B, the atomic ar-

rangements can be categorized as:

1. Random—the probability of occupation by an

A or a B atom of any lattice site is independent

of the occupation of neighboring sites.

2. Local Order:

a) Short-range order—a preference for unlike

nearest neighbors ("A likes B"), as for ex-

ample in Cu-Au.
h) Clustering—a preference for like nearest

neighbors ("A likes .4. and B likes 5"), as

for example in Al-Zn.

c) Directional order—AA and BB bonds are

preferred in certain crystallographic direc-

tion and AB bonds in others, as for example

in Cu-Pt.

For simplicity we shall limit our considerations

here to solutions not exhibiting long-range order.

It is, however, to be noted that the concept of the

various types of local environments is still retained

in this case but some modifications in the defini-

tions and in the diffuse scattering results are re-

quired.

Let us define a set of averages, some of w-hich

can be obtained from X-ray dilTuse scattering. Let

the vector distance between two lattice points m
and m' be:

= 1^ (^ai + mao + (1)

I, m, n: are integers
/in BCC: I, m, n unmixed\

\inFCC:Z + w + n =
2/

J

ai , 32 , a-i = unit cell vectors.

A set of local-order parameters is then conveni-

entlv defined as:

l,nn = 1
X

(2)

where

:

Phnn = probability that a lattice site separated

by the vector distance Vmm' from an A
atom is occupied by a B atom.

With this definition : aimn = 0, for all Imn, in a ran-

dom alloy; aivm < when the bond vector r,,,,,,-

exhibits an AB bond preference; and aimn >
when the bond vector r,n7n' exhibits an AA and BB
bond preference. It is also convenient to consider

ai = (oLimi), averaged over r,- = \Ymm' |, which

define a new set of a^'s, i = 1, 2, • • •
,
wdiere / = 1

defines nearest neighbors, / = 2 defines second

nearest neighbors, etc. Short-range order may now
be defined as ai < 0, clustering as ai > and

Q'l
= is a necessary, but not sufficient, condition

for randomness (ai = may also be obtained for

the directional order case).

Atomic Size. The interatomic distances in a

binary solid solution of atoms of disparate sizes

may be defined by reference to Fig. L The average

nearest neighbor distance, ri ,
which is related t_o

the lattice parameter (e.g., in BCC: ?i = aH^3;

in FCC: Vi = a/ \/2), can be expressed as:

(1 - x)rAA + xrBB + '2x(l - x)8

2.r(l - x)ai8.
(3)

where

:

/ ''.i.i + ''bb\

W' here

:

the fij's can be functions of composition and so a

lattice parameter determination establishes only

one relationship among three unknowns: faa ,

tbb , and i'ab . Thus, two more relationships are

required to uniquely establish the three ra's.

Reference to Eq. (3) show^s that if the n/s are not

strong functions of the degree of local order, and

this appears to be the case, then a determination of

the dependence of the lattice parameter on the

degree of local order jdelds a second relationship.

This latter determination has been generally over-

looked with the result that all determinations to

date of interatomic distances in solid solutions

have been based on two experimental relation-

ships only: (1) the lattice parameter, and (2) the

first size effect parameter, /3i ,
determined from

X-ray diffuse scattering. The missing relationship

has invariably been supplied in the form of some

assumption such as: that Vab = (^aa + rBB/2), or

that vaa and vbb are independent of composition,

etc. The net result is that w^hile the literature con-
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tains some rather detailed descriptions of inter-

atomic distances in solid solutions, these invari-

ably rest on, reasonable perhaps, but as 3'et

unproved assumptions.
If we wish to speak in terms of atomic size in

solid solutions the problem appears to be experi-

mentally indeterminant because of the question
of how to apportion the AB bond distance, vab ,

between the A and B members. This problem is

analagous to that encountered in defining ionic

radii in salts. Again it must be noted that while
the literature contains some descriptions of atomic
sizes in solid solutions, these results invariably
rest on some, reasonable perhaps, but as yet un-
proved assumed division of tab Nevertheless, the
assignment of atomic sizes has proved to be such a
convenient concept in structural chemistry that
it is to be expected that, as more data become
available, reasonable and self-consistent rules for

AB bond division will be developed and solid-solu-

tion behavior will be able to be discussed in terms
of meaningful atomic sizes.

Theory of X-ray Diffuse Scattering from a
Binary Solid Solution. The scattered intensity,

in electron units, is given in general as:

I = Jim J2m' fmfm' CXp [ik-rmm'], (4)

where

:

k = 2ir{s — So),

T
s. So = unit vectors in the directions of the

scattered and incident beams respec-

tively,

X = X-ray wavelength,

fm ,fm' = atomic scattering factor for an atom
at lattice site m and m' respectively.

If we take into account the probability of the
identity of each intersite pair through Eq. (2), and
the separation of each pair through definitions:

Taa = rid + elJ,

BB (5)

AB (1 + AB

Then, Eq. (4) can be summed yielding a diffuse

scattering term, Id
,
plus the usual sharp Bragg

reflections. The diffuse scattering ma}' be observed
either from single crystals or from powders but,

for simplicity, let us here consider only the powder
result. The diffuse scattering is:

lo = LM
i
1 + E C.

E c,

sin Si\
iOii

Sr;

sin Sn
S /•;

COS *S/-i

(6)

LM = Nx(l- x}(fB-fAy

= Laue monotonic scattering,

Ci = coordination number for i^^' neighbors,

47r sin 6

26 = angle between incident and scattered beams,

X

(,-^.)l-Cr-.)-

V = Jb/Ja .

The effects of local order and disparate-sized atoms
on the diffuse X-ray scattering from a binary solid

solution can thus be described as a superposition
of modulations of the Laue monotonic scat-

tering. The ability to observe this diffuse scatter-

ing is governed by the intensity of the Laue mono-
tonic term. It can be seen that the Laue monotonic
scattering is maximized by concentrated solutions

(a; —> 0.5), and by large differences in atomic num-
ber (/ « at. nos.).

We can generally expect that both the local

order and size-effect parameters, the ai's and jSi's,

will rapidly tend to zero as i increases. The form
of the diffuse scattering modulations will thus
generally be dominated by ai and Pi . Conversely,
the relative contributions due to ^ > 1 being small,

the ability to determine a; and ^i for i > 1 dimin-
ishes as i increases. A feeling for the form of the
diffuse modulations can thus be obtained by con-
siderations of the diffuse scattering modulating
functions

:

(/£)/Lili/')Local ord€

and

(lD/LM)s{2e effect = — Ci/3i

1 + c

sin Sn
Sn

sin Si'i

cos »'^/

(7)

, (8)

where

:

which are plotted in Fig. 2, over the usual inter-

val of observation. To give some idea of the rela-

tive contributions of the local order and the size

effect, we have taken
|
dai |

= 1, and
|
C/S,- |

=
0.5, which are of the order of observed values.

Thus, local order gives rise to diffuse oscillation

that damps out with increasing angle. It is, how-
ever, to be noted that as Sri -^ 0, the local order
modulating functions are all shown to approach
unity although the function of Eq. (7) does not.

From Eq. (6), in the limit of S ^ 0:

/,, = LM ]l + Z C«,}

and it can l^e shown that

Z C.a, = 0,
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Fig. 2. Local order and size effect diffuse scatter-

ing modulating functions (Ciai = 1, C]/3i = 0.5, ai

= i3i = 0, i > 1).

so that as aS -^ the dominance of the ai term
diminishes and the behavior of the simple function

of Eq. (7) is very misleading. The size effect modu-
lation of Eq. (8) has the primary effect of shifting

the local order maxima and minima to higher or

lower angles depending on whether /3i > or <0.

If the larger atom has the larger scattering factor,

then |3i > 0, which is the usual case, but when the

larger atom has the smaller scattering factor, then

/3i < 0, and this has also been observed.

The local order and size effect parameters are

numerically obtained from the diffuse scattering

by means of a Fourier inversion or by a least

squares method for the details of which the refer-

ences should be consulted.

X-ray Diffuse-Scattering Measurements.
In addition to local order and size effect diffuse

scattering, there are also other contributions that

have to be eliminated, either experimentally or by
calculation, from the total diffuse intensity. These
contributions are:

1

.

Scattering by air or other extraneous material

in the beam.
2. Scattering by wavelengths other than the

characteristic,

3. Compton modified scattering (CM), and

4. Temperature diffuse scattering (TD).

The first source is minimized in the experimental

setup by evacuation and baffles. Extraneous wave-
lengths are best eliminated by using a crystal

monochromator. Figure 3 schematically shows the

generalh' emploj-ed geometries for both camera
and diffractometer recording. The last setup, with

a post diffraction monochrometer, has the added
advantage of eliminating sample fluorescence.

Quartz (10TT),LiF (200), CaFo (111), and silicon

(111) single crj'stals have been employed as mono-
chromators. Silicon is probably the best, yielding

strong intensities and having the added advan-

tage of eliminating the half wavelength com-
ponent. Filtering and pulse-height discrimination

is also employed, generally in conjunction with

crj'stal monochromatization. The CM and TD
components are generally eliminated by calcula-

tion.

It is also necessary to obtain the observed scat-

tering in absolute units. This is usually performed

Ijy comparing the scattered intensity from the

sample to the intensity from some effectively

amorphous material such as paraffin or Incite, the

absolute intensity of which can be reliably calcu-

lated.

In Fig. 4 are illustrative diffuse-scattering data.

These plots are the total observed diffuse scatter-

ing in electron units, corrected for the Lorentz-

l)()larization factor. The Al-Zn data are illustrative

of a clusteiing system while the Ni-Au and Ti-Mo
data are illustrative of short-range order systems.

Monochromator

Torget

Monochromator

Target

Somple

Target

Monochromator

Fig. 3. Schematic experimental arrangements for

measuring diffuse intensities.
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100
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\
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1

Fig. 4. Representative diffuse scattering powder
pattern data.

However, in Ni-Au /3i > 0, while in Ti-Mo /3i < 0,

and it is readily seen how the first diffuse maximum
is shifted to larger angles in Ni-Au and to smaller
angles in Ti-Mo, as noted previously in connection
with Fig. 2. The Ni-Au alloy is FCC while the Ti-

Mo alloy is BCC, however, plotting the intensity

as a function of &ri , as in Fig. 4, allows the size

effect shift to be compared independent of the crys-

tal structure. Reference to Fig. 4 also discloses

another experimental problem, the diffuse in-

tensity near the positions of the Bragg reflections

must be obtained by interpolation. With increasing

scattering angle the Bragg reflections come too

close together to permit reasonable interpolation

and this effectively sets *Sri ~ 20 as the highest

angle to which diffuse scattering can l)e obtained.

Suiimiary. In solid solutions the juxtaposition

of atoms and interatomic distances can only be
described statistically. Certain averages of the

local order, the oci's, and certain averages of the

interatomic distances, the 0i's, have been defined

and it has been shown how the diffuse scattering

behaves in terms of these parameters. The diffuse

scattering experimental technique has been de-

scribed.
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SOLID-STATE INTENSIFYING PANEL.
Panels, Solid-State.

See Intensifying

SOLID-STATE REACTIONS. See Phosphor Industry.

SOLIDOGRAPHY

Solidography is a technique to mold a three-

dimensional solid body of the organ in the living

body by using a principle of axial transverse

laminography (q.v.).

When the axial transverse laminographj^ is used,

the three-dimensional X-ray image of the organ

is constructed on the rotation table on which the

X-ray film is placed. When many X-ray films are

piled up so as to be a block and placed on the

rotation table, the organ of the body is three-

dimensionally imaged and developed in this block.

When several sheets of films are piled up with

some intervals, cross-sectional images of each level

of the body are projected on the corresponding

planes. The size of the cross section of the organ

: c=^ ^

Fig. 1. Diagram of solidography.
F—X-ray tube.

Ta—Rotation table A, on which a patient is

placed.

Tb—Rotation table B, on which a film box cas-

sette is placed.
P—Reducing the X-ray image of cross sections

of the bod}' to life size, and piled up.
M—Molding the solid bod}' from the piled-up

X-ray images of P.
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Fig. 2. Solid body of the heart molded b}' solidography. Right, anterior view. Left, back

\dew.

is reduced to life size, and gypsum plaster is cut

in the same shape of the cross-sectional image and

piled up. Thus the life-sized figure of the organ in

three dimensions is obtained.

For actual solidography a c^dindrical box cas-

sette is used in place of a usual film cassette.

This box is placed on the film rotation table (Fig.

1).

The box is measured with the mside diameter of

21 cm and with the height of 45 cm.

The circular films inserted between intensifying

screens with spacers are put into the cassette

and piled up so as to keep a relationship oi b = a

tan a. Here a is the inchnation angle of the central

X-ray beam to films, a is the radius of the film

and h is the distance between screens adjoined.

After obtaining the radiograms the procedure for

cutting gypsum plates by reducing the X-ray

images of the cross sections is carried out auto-

matically by a special machine or reconstructor.

Solidography is applicable to mold the shape of

the heart, kidney, gall bladder or stomach, wdiich

cannot be observed three dimensionally by any

other roentgenographic method. The mold of the

heart gives a knowledge of the real structure of

the mediastinum or relationship between the heart

and the great vessels. It is useful for the study of

congenital cardiovascular disease (Fig. 2).
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SOLUTIONS: SPECTROMETRIC ANALYSIS WITH COHERENT

SCATTERED RADIATIONS AS INTERNAL STANDARDS

Analysis of solutions by X-ray spectroscopy

offers several advantages, namely: homogeneity,

ability to dilute to reduce matrix effects, ease of

preparation of standards, ease of addition of in-

ternal standards, and the abihty to carr3^ out

chemical separations. Complicating factors include:

density effects, effects from temperature changes,

high background levels, and incoherent (Comp-
ton) scattering of fluorescent line intensities w^hich

may interfere with intensity measurements.

Solutions fall into two categories, namely, dis-

solution of a solid sample and solutions as such,

submitted for analj'sis. The first type is char-

acterized by dissolving a known weight of sample

with a known concentration of acid and diluted to

a set volume. The second type is characterized by
its containing differing metal and acid contents.

This article will be concerned with the second

type.

Solutions submitted for analj^sis have been

studied from the point of view of absorption co-

efficient correction and addition of internal stand-

ards.^ Several types of solution sample cells have

been designed to meet the requirements of dif-

ferent X-ray spectrographs and appHcations. The
use of inverted optics, i.e., excitation from below

the sample, has been recommended. Mylar film,

which is produced in very thin sheets and has a

very low scattering coeflacient for X-raj'S, has been

accepted w^idely as a suitable sample cover.

Andermann and Kemp^ reported on the use of

background (coherent and incoherently scattered

white radiation from the X-ray tube target) to

compensate for instrumental variations, particle

size variations, and absorption and enhancement

effects. A quahtative relationship of the atomic

numbers of the elements in the sample to the

intensities of the background and fluorescent radi-

ations were derived from theoretical considerations.

It was shown that a ratio of the fluorescent to the

background scattered radiation intensities would

be less sensitive to change in the atomic numbers

of the elements present in the sample than straight

fluorescent radiation intensities. This variation

was show^n to be proportional to the atomic num-
bers raised to the -1st to -2nd power, as compared

to the -4th power in a straight fluorescent in-

tensity.

However, using only coherently scattered X-ray

tube scattered radiations (for example, the LjSi
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from a tungsten target) in the ratio, it can be

shown that the variation of ratio should be pro-

portional to the atomic numbers of the elements

in the sample raised to the -1st power."

Solutions produce scattered radiations of high

intensity, thus producing statistical measurements
in a short time. Since solutions are heated by the

X-ray beam and certain elements react from
the action of the beam, short exposures are ad-

vantageous.

The use of coherently scattered X-ray tube char-

acteristic radiations are restricted by two factors,

namely: the fluorescent and the scattered radia-

tion must be free from interference by other radi-

ations emitted by the sample, and for best re-

sults the scattered and fluorescent should be

affected by the same absorption and enhancement
effects. The second limitation, in the analysis of

solutions containing only one or two metals in

the matrix, can be ignored, since variations of

metal ion contents will affect the fluorescent and
scattered radiations in a manner that suitable cali-

brations can be obtained.

Table 1 shows the effect of various instrument

parameters on the ratio of CuKa to WLjSi intensi-

ties. The sample position was changed by adding

0.1 mm spacers between the sample and the

face mask of a sample holder, thus changing the

distance between the sample and the X-ray tube's

target.

Tables 2 and 3 show the effects of various acids

and acid concentrations of a copper solution (2.5

mg per ml). The ratio remains fairly constant al-

though the intensities of both the CuKa and WLjSi
radiations vary.

Table 4 shows the effect of various metal ions

on the fluorescent and scattered radiations and
the ratio measurement. Comparisons of deviations

of the fluorescent intensities and the ratio meas-
urements show an improvement using the ratio

method.
Table 5 shows the calibration of copper-nickel

solutions such as found in a copper refinery.

Straight-line calibrations are obtained over the

range of concentrations studied, when the ratio

is plotted vs. the metal contents.

Table 6 shows the comparison of several types

of solutions found in a copper refinery analyzed by
chemical and X-ray methods. The X-ray de-

terminations of copper in the silver electrolyte

w^ere obtained from the copper-nickel calibrations

and the silver from a pure silver solution. The
X-ray beam reacts with the silver, producing re-

sults of less accuracy.

Conclusions. The use of coherentlv scattered

Table 2. Effects of Various Acids
(10% BY Volume).

Acid Intensity Counts Per Sec
CuKa WL/3i

Ratio
CuKa WL/3i

HN03 0823 1932 3.531

H2S04 5840 1656 3.525
HCl 0130 1736 3.530
HCIO4 6325 1797 3.519

Table 3. Effect of Concentration of
Various Acids on the Intensity

Ratio CuKa/WL/Si .

% by Volume
1 3 15 20

HN03 3.538 3.536 3.536 3.532

H.S04 3.525 3.528 3.528 3.529

HCl 3.531 3.533 3.530 3.529

HCIO4 3.533 3.531 3.536 3.530

Table 4. Effects of Various Metals on
THE CuKa/WL/Si Ratio (Metal and

Copper = 5.0 mg/ml).

Metal
Added to

Net Intensity( c/s)

Ratio

% Deviation

Copper
Sola. CuKa WL^i Intensity Ratio

Cu only 9532.1 1411.6 6.75 —
Cr 8202.6 1273.5 6.44 -13.9 -4.0

Fe 7905.6 1253.7 6.31 -17.1 -6.5

Ni 8635.1 1266.8 6.81 -9.3 +0.9
Pb 8377.1 1378.2 6.08 -12.1 -9.9

Cd 8703.6 1367.7 6.36 -8.7 -5.8

Table 5. Calibration of Copper-
Nickel Solutions.

mg 'ml
Ratio CuKa WL^i Ratio XiKa, \VL/Ji

Cu Ni

0.0 0.0 0.32 0.09

1.25 1.25 1.95 1.74

2.50 2.50 3.52 3.42

1.25 2.50 1.94 3.41

2.50 1.25 3.53 1.74

0.0 2.5 .30 3.41

2.5 0.0 3.53 0.09

Table 1. Variation of Absolute Intensity
and Ratio Measurement with

Instrument Cfanges.

Tube Voltage
Tube Current
Sample Position

1 CuKa Ratio CuKa '\VL/3i

7.5%/kv
4.6%/ma
2.0%/0.1 mm I

1.4%/kv
-t /ci

0%/ 0. 1 mm

X-ra3' tube internal standardization is shown to

compensate for instrumental fluctuations and

matrix effects. The use of this technique is demon-
strated in the analysis of solutions of varying

metal and acid contents. Copper, nickel and silver

in various solutions found in a copper refinery

are determined by both chemical and X-ray

methods. Comparisons of results show the X-ray

determinations are in good agreement with the

chemical methods.
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Table 6. Comparison of Results

Chemical X-ray

Type of Soln. Cu Ni Ag Cu Ni Ag

Tank house electrolyte 38.41 25.10 38.33 24.80

Cu powder electrolyte 8.3 8.2

Nickel parting soln. 0.7 42.12 0.5 42.33

Tank house stripper 28.20 18.74 28.51 18.58

Slime leaching soln. 38.25 38.70

Silver electrolyte 98.30 27.18 97.50 26.98

Silver electrolyte 79.51 18.16 80.20 19.00
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SOURCE, INTENSE PULSED X-RAY

Fast, intense X-ray pulses—10® to 10'° r/sec for
10"'^ sec—have proved to be a valuable research

tool in high-temperature generation, flash radi-

olysis, and flash photolysis of liquids and semicon-

PULSED
POWER
SYSTEM

-r'-n FIELD EMISSION CATHODE

4-/ VACUUM ARC
\''\ X-RAY TUBE

-TARGET

Fig. 1. Schematic diagram of pulsed X-ray system.

Fig. 2. Schematic diagram of pulsed power system.

Fig. 3. Sketch showing appearance of microscopic
conditioned cathode.

ductors. These fast, intense pulses are generated

by a pulsed power system and a diode X-ray

tube or vacuum arc (see Fig. 1). The pulsed power
sj'stem stores 10,000 joules of electrical energy at

a potential of one million volts. The capacitor dis-

charges into a matching load in 1/10 microsecond.

The diode X-ray tube contains a conventional, but

expendable, target and an expendable field-emis-

sion cathode. The tube is of a coaxial, low-induc-

tance design.

How the Pulsed Power System Works. The
operation of the pulsed power system is illustrated

in Fig. 2. A high-voltage, direct-current power
supply (A) charges, through appropriate limiting

resistors (5), a bank of low-inductance capacitors

(C). The capacitors discharge through low-pressure

switches (D) into the primarj^ of a large air-core

step-up pulse transformer (E). The secondary

winding is connected to a water-dielectric, parallel-

plate (F) mounted in a water tank (G). When the

voltage across the parallel-plate capacitor rises to

a predetermined value (say one million volts), the

water switch (H) breaks down, discharging the

stored energ}^ coaxially through the load (vacuum-
arc tube, /).

How the X-ray Tube Works. The X-ray tube

is a diode, having a field emission type cathode

and a target. The cathode is a single needle with

a sharp point having a radius of curvature of 35

to 50 microns. This needle is further sharpened

when a conditioning current pulse is passed

through it. A sketch showing the microscopic ap-

pearance of the conditioned cathode needle is

given in Fig. 3. The needle is covered with hun-

dreds of sharp points having radii less than 1 mi-

cron, thus increasing the field emission current.

When a one-million-volt pulse is applied across

the X-raj' tube, a potential gradient in excess

of 10® V per centimeter exists at the cathode. A high

current of electrons is then discharged from the

cathode by field emission. The tip of the needle

quickly becomes heated, and more electrons are

given off by thermal emission. The electrons now
cause two further effects: some form a space

charge cloud, reducing the field at the cathode

and retarding the further emission of electrons;

others bombard the anode, causing local heating

and emission of ions. The ions move to the cathode

and reduce the space charge. They are very ef-

fective in this because of their low velocity. The
reduction of the space charge permits the ac-

celeration of larger electron currents to the target.
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The electrons bombard the target and generate X-
rays.

As the regenerative process proceeds, enough
target metal becomes vaporized to allow an ordi-

nary metallic arc to strike between cathode and
anode. Now the electron mean free path is less

than the cathode-anode spacing, and electrons lose

energy in collisions with gas atoms. The produc-
tion of X-rays ceases, and an ordinary gas dis-

charge with its emission of visible light fills the
tube.

Diagnostic Measurements. Since the vacuum arc
is such a complex phenomenon, the operational
effectiveness of this type of system must be verified

by the following diagnostic measurements: the
current and spectrum of energetic electrons de-
livered to the target, electrical energy dissipated in
the X-ray tube. X-ray yield. X-ray spectrum and
intensity as a function of time, and temperature
of the target surface as a function of time.
Applications. Once these measurements have

been made, the intense pulse of X-rays produced
has many research appHcations. To consider those
we have mentioned in more detail the target
which is used in the X-ray tube gives us informa-
tion about the properties of matter at extremely
high temperatures and pressures. The pulsed X-
ray source can be used for flash photolysis in re-

gions of time-scale, power and wavelength not pre-
viously accessible to experimentation.
The hard X-rays produced by this system can

be used to study the kinetics of radiation-induced
chemical reactions or processes in semiconductors.^
Flash radiolysis is becoming a fundamental re-

search technique in solid-state physics. It is useful
for determining lifetimes, mobilities, recombination
rates, trap depth distributions—in short, all rate
and "reciprocity failure" effects.^

Since the vacuum-arc tube is demountable, it

can be used to generate extremely high radiation
dose rates over small volumes (Imm'^) by electron
bombardment. These radiation levels help us un-
derstand the fundamental mechanisms of damage
in cells and semiconductors.^- *
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The decay of radioactive nuclei is accompanied
by emission of beta particles, electromagnetic radi-
ation or alpha particles. Beta particles are high-
speed electrons which are emitted with a continu-
ous distribution of energies up to a maximum
value, Emax , and a maximum intensity at 0.2 to

0.3 Emax . They are easily deflected by atomic
electrons and nuclei and this results in the produc-
tion of both characteristic X-raj's and brems-
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Fig. 1. Typical spectra of available bremsstrah-
lung sources.
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strahlung' in a manner analogous to the production

of X-rays in an X-ray tube. Useful beta-par-

ticle excited sources of secondary X-radiation are

described in the next section.

Alpha particles are helium nuclei emitted with

energies of several mev mainly from radioisotopes

of high atomic weight. In their interaction with

matter, they can produce ionization of inner elec-

tron shells with resulting emission of characteristic

X-rays, but the probabihty of this process is ex-

tremely low. Also, bremsstrahlung produced when

alpha particles are stopped is negUgible. The

possibihty of using alpha-particle excited sources

of secondary X-radiation is, therefore, not con-

sidered.

Electromagnetic radiation is emitted either di-

rectly from the nucleus or after interaction of the

unstable nucleus with electrons in the inner shells

of the atom. Radiations emitted directly from the

nucleus are called gamma rays. Interaction of un-

stable nuclei with K-shell electrons can result m
capture of the electrons by the nucleus. This proc-

ess is called "K-electron capture" and is followed

by emission of K X-rays characteristic of the

product or daughter atom. If the daughter nucleus

is formed in an excited state, gamma rays may also

be emitted.

In many cases a nucleus which would otherwise

become de-excited by gamma-ray emission can

communicate its excess energy directly to an

orbital electron which is then ejected from the

1014

atom. This process is known as "internal conver-

sion" and is followed by emission of X-rays char-

acteristic of the original atom."

Desirable properties of radioisotope X-ray

sources are long half life, high specific activity,

low price and low toxicity.

Beta-Excited Sources of Electromagnetic

Radiation. Suitable sources of beta particles un-

accompanied bv high intensities of high-energy

gamma rays are H^ Pm^*S Kr^ and Sr^«+Y^^

These are combined with a target material which

stops the beta particles and allows emission of low-

energv electromagnetic radiation. Theoretical and

practical considerations in the design of these so-

called "bremsstrahlung sources" have been de-

scribed.' Spectra of sources available in the United

Kingdom are shown in Fig. 1 and relevant prop-

erties summarized in Table 1.

H'/Zr and H'/Ti sources are prepared by allow-

ing tritium gas to combine with Zr or Ti, a layer

of which has been melted on to a 1 cm diam X

0.1 cm thick tungsten disk.

Pm'^vAl and Pm'^VAg sources are generally

prepared by mixing Pmo"^( 003)3 with Al or Ag

powder, which is then compressed and sintered to

the desired shape and size. A protective inactive

covering is provided by sandwiching the radio-

active matrix between Al or Ag foil and hot rolling

until the matrix and covering have reached their

optimum thicknesses. The latter are 50 to 100 mg/

cm' for the matrix and 10 to 30 mg/cm' for the

Table 1. Form and Properties of Available Bremsstrahlung Sources.

Bremsstrahlung Source

Beta Emitter
Target
Ele-
ment

H^ Ti

Zr

Half Life

Source-Target
Arrangement

HVTi matrix
(Titanium
hydride)

HVZr matrix
(Zirconium
hvdride)

Ki.85

Sr^o + Y90

Ag

Al

Al

Pm'^'/Ag
matrix

Pm^^VAl
matrix

12.3 vrs

Efficiency of

Bremsstrahl-
ung and K

X-ray
Production

Photons/Beta

1.3 X 10-^

4.2 X 10-'

Useful Photon
Energ>' Range ki^ximum Specifi(

01
I A^t;,;ti-

Bremsstrahl-
ung Source

2.6 vr

Kr^^ absorbed
in active

charcoal

gj.9o/Y9o beta

source

Sandwiched
between Al

foils.

3.5 X 10-

2.6 X 10-

10.7 vrs 1.0 X 10-2

4-8 kev

5-9 kev

20-40 kev

10-40 kev

30-80 kev

Activity

Available
Activities

Maximum
Body
Burden
of Beta
Emitter

2.6curies/cc i 5, 10 c

absorbed
in Ti or Zr

2.5 c

400 curies/

gm

28 yrs 6.1 X 10-2 70-150 kev

1 curie/gm
absorbed
in active

charcoal

12 curies/gm

Up to 50

c

2 mc

300 juc

Up to 10

c

Up to 10

c

Inert

gas'

20 mc

* No official figures but the maximum permissible concentration in air is similar to that of H^, vi

10-6;^c/ml.
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Table 2. Low-Energy, Long-Lived X- and Gamma-Ray Sources.

Principle Radiations Emitted

Half-life Maximum Body
Burden

Alpha Gamma X-rays

Fe" 2.9 yr. — — Mn K X-rav 5.9

kev (100%)

1000 fjiC

Cdi«9 1.3 yr. 88 kev (4%) Ag K X-rav 22.2

kev (100%)

200 MC

Am24i 480 yr. 5.48 Mev (85%)
5.44 Mev (13%)
and others

59.6 kev (40%) Am and Np L X-
rays,llto22kev
(30%)

0.3 MC

covering. Pm"^ can also be mixed with AhOs
(and other oxides) and sintered to form a ceramic
source.

Kr^VC sources are best prepared by introducing
Kr^° into a brass container filled with active

charcoal granules and fitted with a 20 mg/cm- Ni
window. The Kr®^ atom can also be incorporated
in a quinol molecule as a clathrate compound.^ In
practice, clathrate sources cannot, at present, be
prepared with appreciably higher specific activity

and physical stability than the active charcoal
sources.

Sr'^+Y^" bremsstrahlung sources can be made
by simply sandwiching a commercial beta source
between Al (or perspex) of sufficient thickness to

stop the beta particles.

Gamma-ray, K-capture and Internal Conver-
sion Sources. Relevant properties of the few suit-

able gamma and X-ray sources with half lives

greater than one year are summarized in Table 2.

Uses and Advantages of Radioisotope X-ray
Sources. Radioisotope sources of beta particles and
gamma rays have been in use* for many years
for measuring mass per unit area, that is, thickness
of constant density material or density at constant
thickness. With beta-particle sources the practical

upper limit of mass per unit area measurable is

about 0.8 g/cm^, which corresponds to about 1 cm
thick cardboard or 1 mm sheet steel. High-energy
gamma radiation, such as that emitted from Cs'^'

or Co*^, is too penetrating to allow sensitive meas-
urement of mass per unit area below about 5

g/cm-.

With sources emitting X- or gamma radiation in

the energy range 1 to 200 kev it is possible to

make sensitive measurements of mass per unit area
between 0.1 and 10 g/cm" providing the composi-
tion of the material is sensibly constant.* Analysis
and measurement of coating thickness by X-ray
fluorescence spectrometry and analysis by X-ray
absorption and scattering are also feasible using
these sources and the techniques are described
in separate articles.

In X-ray spectrometry it is also possible to excite

characteristic X-rays directly using a beta-particle

source^ but then deflecting magnets and shields

must be incorporated to prevent scattered beta
particles from reaching the detector.

In appHcations of all the above techniques,
radioisotope X-ray sources offer a cheap, compact,

stable and self-contained alternative to X-ray
generators. Their radiation outputs are generally
less by factors of 10^ to 10* than those of X-ray
generators so little or no shielding is required.

On the other hand, the relatively low photon out-

put renders the use of these sources impracticable
for X-ray diffraction and X-ray spectrometry using
crystal monochromators. Their applications in

thickness and density measurement and nondis-
persive X-ray analysis are, however, wide and
diverse.
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SOYBEAN SEED BACTERIAL STERILIZATION BY X-RAYS

In an mtensive long-range study at the Uni-
versity of Illinois of the effects of X-irradiation
on soybean seeds, concurrently with a similar study
of maize seeds (q.v.), a number of entirely

unexpected results have been obtained over the
first three-year period with three generations of

soybean plants. These include reversals in stunt-
ing of growth of seedlings from irradiated seeds
with increasing dosages (i.e., minima in curves
of growth or number of survivors versus dosages
between 50,000 and 1,000,000 roentgens); ap-
parent stimulation in some instances in second and
third generations; remarkable resistance to dos-
ages up to a million r: highly characteristic dif-

ferences in susceptibility and radiation sensitivitj'

among more than a dozen varieties of S03'beans;
increases in protein content, reverting to normal in

succeeding generations; evidences of protective
chemical, or biological, or both, mechanisms:
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and minimum evidences of morphological muta-

tions. Since these experiments continue for sta-

tistical verification and for observation of suc-

ceeding generations from originally X-rayed seed,

with and without further irradiation of progeny,

attention here is directed to one series of highly

interesting and well-substantiated results, namely,

the effect of radiation on bacterial populations in

soybean seeds.

The bacterial populations, for example of Cory-

nobacterium sp, for the Grant and other varieties

of soybeans decrease as a function of absorbed X-

ray doses, from over seven million initially present,

to a negligible number after a dose of 400,000 r.

This stenhzing effect is accompanied by increasing

size of plants and increasing yield of soybeans per

acre, for example, from 35 to 65 bu. per acre. Of

course it is not generally reahzed that viable seeds

are infected in any such manner, but the effects on

quality and yields of such seed infection are well-

estabhshed and recognized by growers. It is pos-

sible, then, to account for some of the observations

on radioresistance and enhanced growth as due to

this bactericidal effect (checked against steriliza-

tion with mercuric chloride, for example), of the

ionizing radiation, which apparently is a prefer-

ential microbiological response before radiobotani-

cal and radiochemical changes in host seeds and

seedlings are significant.

In all of these experiments a Machlett AEG-50
high intensity tungsten-target tube was operated

at 40 kvp and 15 ma. The seeds were placed in a

single layer on sheet lead at a distance of 20 in.

from the beryllium window of the tube in a uni-

formly intense field. Dosages were measured re-

peatedly with calibrated Yictoreen r-meters and

with several kinds of chemical dosimeters.

The author is solely responsible for the state-

ments in this brief preliminary report, but the

program of research is being carried out largely

though the initiative, dedication and persistence

of his colleague, Floyd I. Collins.

G. L. Clark

SPECTRA-GAMMA. See Computers, High Speed Applica-

tion.

SPECTRAL LINES, K, L AND M (2-1 OA): ANALYTICAL AP-

PLICATIONS

Until the mid-1950's, analytical appHcations of

fluorescent X-ray spectrography were hmited to the

K-series of elements, atomic numbers 22-60, and

to the L-series of all higher atomic number ele-

ments. However, recent commercial development

of X-ray tubes with thinner windows, vacuum
or helium paths from sample to detector, analyzing

crystals of high d-spacing, and flow-proportional

counters with associated electronic energy discrim-

ination makes practical the utilization of X-radi-

ation in the 2-10A range. This wavelength range

includes the K-series lines of elements, atomic

numbers 12-24, L series lines of elements, atomic

numbers 33-60, and M-series lines for all elements

above atomic number 65.^

Samples for X-ray spectrochemical analysis can

be divided into three classes based on transmission

of characteristic spectral lines: (1) Infinitely thick,

for example, powders, metals, and solutions, (2)

intermediate thickness, for example, ion-exchange

membranes, and (3) very thin, for example, surface

films.- Infinite thickness is achieved when the

fluorescent X-ray intensity does not increase with

an increase in sample thickness. The quantity of

sample required for infinite thickness is a function

of both the wavelength of the spectral line being

measured and the absorption characteristics of

the sample; infinite thickness may range from

0.001 to 1 in. Ion-exchange membranes are typical

of the intermediate class whereby X-ray intensities

vary with the tA^pe and thickness of membrane em-

ployed. Vers' thin samples are characterized by

minimum self-absorption within the sample; thus,

mutual excitation and absorption problems are

reduced or eliminated.

X-ray spectral lines in the wavelength range 0.5

to 2.0A are usually employed for analysis of class

1 samples as, in general, these wavelengths are

efficiently excited, diffracted and detected. In

class 1 samples, ten to one hundred times the num-

ber of ciuanta are produced in the 0.5 to 2.0A

range as compared with longer wavelength X-rays

;

this difference is due primarily to the greater depth

of sample viewed by the shorter wavelength X-

rays. However, these higher energy fluorescent X-

rays are accompanied by a high background that

results from efiicient scattering of the primary

X-ray beam.
Short wavelength X-ray spectral lines, 0.5 to

2.0A, originate from electron transitions in the

inner shells of the excited atom, for example, L to

K transition. In contrast, most long wavelength

spectral lines, 2 to lOA, are derived from transi-

tions involving the outer shell or valence electrons.

Thus, the wavelengths of low energy _K, L, or

M spectral lines are, to a small but significant ex-

tent, dependent on the chemical state of the

excited atom. When comparing peak height inten-

sities at fixed positions, systematic anab^tical er-

rors occur if the standard and unknown are not

in the same chemical state. This wavelength de-

pendence on chemical state makes possible the

determination of valence by precision measure-

ments of wavelengths in the low energy X-ray re-

gion. Apphcations of this technique are described

in papers on solid-state X-ray spectroscopy.^

X-ray tubes currently used for fluorescent X-ray

spectrography have berjdlium windows approxi-

mately 1 mm thick. This window strongly absorbs

the longer wavelength radiation; for example, 10,

80, and 99.5 per cent of 1, 3, and 5A radiation,

respectively, are absorbed in 1 mm beryllium.

Therefore," scattered X-rays at high 20 positions

are almost entirely multiordered, high-energy X-

rays, which can be effectively eliminated by pulse-

height discrimination. Recently, there has been

an increased interest in X-ray tubes that have

high efiiciencies for transmitting long wavelength

X-ravs and characteristic X-ray spectral lines.
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which are very efficient exciters in this long wave-

length region.*

K Spectral Lines for Elements, Atomic Num-
bers 13 to 20. Elements, atomic numbers 13-20,

had been considered insensitive because of their

low fluorescent yields and the low escape prob-

ability of their characteristic X-ray lines. However,
the Ka lines of adjacent low atomic number ele-

ments are widely separated, and the intensity of

the KjS lines decrease rapidly from atomic num-
bers 19-13; for example, the intensity ratio Ka/
KjS for potassium and aluminum is 7.0 and 88,

respectively. Minimal colHmation of the fluores-

cent X-ray beam is adequate, thus resulting in a

significant gain in usable line intensity. Under
favorable conditions, parts per million of these

elements can be detected in class 1 samples; for

example, 4.0 and 4.5 ppm of potassium and cal-

cium, respectively, in a feldspar. Line intensities in

class 3 samples are approximately 25 per cent

of those found for the most sensitive elements,

such as nickel and copper, and the line-to-back-

ground ratios are greater for the low atomic num-
ber elements.

Comparison of K and L Intensities from
Elements, Atomic Numbers 42 to 60. For class

1 samples the significantly greater depth of sample
analyzed by the Ka lines results in Ka to La ratios

favorable to the Ka line. However, the scattered

continuum from the X-ray tube is very intense

in the short wavelength region; thus, using line-

to-background ratios as a figure of merit, the La
lines are suggested for certain applications. In the

analysis of solutions the Ka lines are recommended
for elements up to atomic number 48, and the La
line for the elements of higher atomic number.
(See Table 1.)

Theoretically for class 3 samples, the longer

wavelength La lines should be more intense than
the Ka lines from the same element.^' * With very
thin samples only a small fraction of the primary
high-energy X-rays is photoelectrically absorbed,

as contrasted to the efficient absorption of primary
X-rays that result in L ionization. In addition, the

escape probability for long wavelength fluores-

cent radiation is favorable for class 3 samples;
thus, L spectral lines are both efficiently excited

and transmitted in this class of sample. The ex-

cellent line intensit}^ and line-to-background ratios

of the L series is demonstrated bj' the data given
in Table 2. These intensity values were measured
on 100 microgram quantities of selected elements
that are supported on a filter paper disk. Com-
parable results were obtained with thin ion-ex-

change membranes. However, the relative strengths

of the Ka lines to La lines increase rapidly with

increasing thickness of the absorbing layer. Thicker
ion-exchange membranes have the advantage of

greater exchange capacity and rigidity in the sam-
ple holder, but these thick membranes have limited

application for radiation longer than 2A, owing
to X-ray absorption losses.

The choice between K and L lines is sometimes
difficult as illustrated bj^ the determination of tin

in a low grade ore. Limits of detectability using

either SnKa or SnLa are approximately 20 ppm.

Table 1. Line Intensities and Line-to-
Background Ratios of K and L Lines

FROM Class 1 Samples.

Element

42 Mo
48 Cd
53 I

56 Ba
57 La

Ka, counts per La, counts per
second Ratios

line:

second

back-

Line
Back-
ground

ground
Line

Back-
ground

30,000 2,500 12.0 92^ 11.0

12,000 3,000 4.0 3702 8.1

4,600 2,100 2.2 1 , 160 13.0

4,000 2,400 1.7 1 , 360 23.0

2,600 1,900 1.4 1,380 29.0

Ratios
line:

back-
ground

8.4

44.0

89.0

59.0

48.0

5-gram-per-liter concentration.

Ka: 57-kv., 7.5-ma., 0.02- by 4-inch collimator,

scintillation counter, LiF.

La: 57-kv., 25-ma., 0.02- by 4-inch collimator,

flow-proportional counter, LiF.

1 NaCl crystal, L^Si line.

2 LiF crystal, L^, line.

3 There would be some improvement in this

ratio by the use of finer coUimation.

Table 2. Line Intensities and Line-to-
Background Ratios of K and L Lines

FROM Class 3 Samples.

Ka, counts per La, counts per
second Ratio second Ratio

Element line:

back-
line:

back-

Line
Back-
ground

ground
Line

Back-
!

ground
ground

42 Mo 2,690 442 6.1 391 1.6 24

48 Cd 308 350 .88 1582 11.0 14

53 I 125 342 .36 354 2.6 136

56 Ba 19 147 .13 321 5.3 61

60 Nd 10 150 .07 384 21.0 18

100/xg. on filter paper.

Ka: 57-kv., 25-ma., 0.02- by 4-inch collimator,

scintillation counter, LiF crystal.

La: 57-kv., 25-ma., 0.02- by 4-inch collimator,

flow-proportional counter, LiF crystal.

' LSi , NaCl.
2 L/3i , LiF.

However, the line-to-background ratio of the

La line is about a factor of 10 higher. In addi-

tion, the background due to scattered radiation

changes continuoush' over the angular position of

the SnKa line, whereas a uniform background
is observed in the SnLa region. Uniform back-

ground is desirable, as background corrections

cannot be made at the peak position because of

variable composition. Howe^"er, it should be empha-
sized that preparation of samples is very critical

when the long wavelength X-rays are employed,
primarily because of the small depth of sample
analyzed. For example, irregularities in the sample
surface may have a neghgible effect in the 0.5

A

region but will markedlv affect intensities in the 5
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Table 3. Uranium La and M/3i Line
Intensities and Line-to-Background

Ratios from Class 1 and Class
3 Samples.

Sam-

U La counts per
second Ratio

Line:
Back-
ground

U M^i, Counts Per
second Ratio

Line:

ple

Line
Back-
ground

Line
Back-
ground

Back-
ground

1

2

594

6,590

269

1,010

2.0

6.5

197

432

1.5

4.4

131

98

Sample 1 lOO^g. uranium on filter paper.

Sample 2 10 g. /I. uranium.

U La: 57-kv.,30-ma., 0.02- by 4-inch collimator

scintillation counter, LiF.

U M/3i : 57-kv.,30-ma., 0.02- by 4-inch collimator

flow-proportional counter, LiF.

to IDA region. If addition or mternal standard

techniques are required, the analyst should use the

shortest wavelength spectral line that can be

efficiently excited and detected.

L and M Intensities from the Same Element.

Terbium, atomic number 65, and all higher atomic

number elements emit Ma and M/3 spectral lines in

the 3.5 to lOA region. Thus, M-series lines of these

elements may be used instead of the L lines now
exclusively employed. Uranium M spectral lines

can be efficiently excited and detected in both

class 1 and class 3 samples as illustrated by the

data in Table 3. M lines of all lower atomic num-
ber elements require cr^^stals of high d-spacings,

with a resulting loss in line sensitivity'. Low re-

flectivity of high d-spacing diffraction crystals and
small escape probability of these long wavelength

X-rays restrict analytical applications of M-series

lines.

M-series lines fall in the same wavelength range

as the K series of elements below atomic number
20 and the L series below atomic number 50. Most
X-ray spectral tables do not include the M-
series lines; however, the analyst should be aware

of their possible interference. Inclusion of M lines

is strongly recommended in all future spectral

tables listing 26 positions versus wavelengths for

various analyzing crystals.
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SPECTROMETER, X-RAY. See Diffradion of X-Rays: Basic

Apparatus and Techniques.

SPECTROMETRY, RADIOISOTOPE X-RAY. See Coating

Thickness.

SPECTROSCOPIC EQUIPMENT. See Equipment for X-Ray

Diffraction and Spectroscopy.

SPINELS (NORMAL-INVERSE TYPES), ORDER-DISORDER IN

The mineral spinel (MgALO*) has given its

name to a large class of compounds having the

same crystal structure. A spinel has the general for-

mula AB0O4 or A8B16O32 per unit cell. The 32 oxygen

ions (r = 1.32A) are arranged in a cubic close-

packed structure. Such an arrangement of ions

leaves 64 tetrahedral and 32 octahedral holes as

possible sites for cations, of which only eight tetra-

hedral and sixteen octahedral positions are oc-

cupied. The 24 cations (8A, 16B) and 32 oxygen

ions constitute a face-centered cubic cell with

a unit cell edge of approximately 8 Angstroms de-

pending on the composition and distribution of

cations in four- and sixfold coordinated positions.

In general, in the formula unit (AB0O4) of spinel

has three cations with a total valence of eight. The

electrostatic balance can be satisfied by various

combinations of cations of different charges. How-
ever, the geometrical conditions limit the radii of

all these ions within the range 0.44A to l.OA

(with the empirical exception of Ag"").

Geometry of Spinel Structure. Bragg'' and

Nishikawa" independently determined the crystal

structure for the mineral spinel (MgALOi). The

space group is Oh'-F3dm (cubic). The mutually re-

lated variables in a spinel structure are

:

1. The lattice constant (Oo),

2. The oxygen parameter (u),

3. The radu of tetra and octahedral interstices,

4. The amount of order among the ions in the

octa- and tetrahedral interstices.

Cation Arrangement and Possible Ordering

in Spinel Structure. In the spinel structure 'order'

has a twofold meaning

:

1. An ordered distribution among tetra- and octa-

hedral sites.

Barth and PosnjaF were the first to suggest

the following possible variations of the cation

arrangement in spinels, as a result of their X-

ray diffraction studies.

a 'Normal' spinel with similar cations occupying

similar co-ordinating positions: A^^'Bo^^Oi

.

b 'Inverse' spinel with similar cations occupy-

ing different coordinating positions: B"'-

(AB)"04.
c 'Intermediate' or 'Random' spinel: (Ai-xBx)^^

(AxB2-x)"04.
Barth and Posnjak assumed that the distribu-

tion of different cations inside one sublattice is

random.
2. A superstructure in either of the sublattices oc-

cupied by the cations.

Three types of long-range order have been

found to occur in one of these sublattices:
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a 1:1 order in the tetrahedral position: Every

A ion is surrounded by four B ions and vice

versa. An example of this is (Li.sFe+^s)^^

(Cr2)^'04

.

b Order in the octahedral position: Successive

(001) layers of octahedral sites are occupied

alternately by A and B. Every A ion has four

B and two A ions as octahedral neighbors

and vice versa. Such long-range order is

accompanied by a change in space group. The
change in physical properties of magnetite

(Fe304) below 120°K is ascribed to such order-

ing by Verwey and Haayman.^^ Below this

temperature cubic magnetite transforms to

an orthorhombic form,

c 1:3 order in the octahedral position: Every

row of octahedral ions in the [110] directions

contains one A ion in every fourth site. Every
A ion is surrounded by six B ions, every B
ion has two A and four B ions as neighbors.

This type of order, which is also accompanied

by a change in space group, has been reported

by Braun* to occur in LiFesOs and LiAlsOs

.

The last two long-range orders may be con-

sidered as super-structures in spinels. Gorter^

has given a detailed account of these reported

long-range orders in spinels.

In addition to these types of order or disorder,

it should be recalled that only Vk the available

octahedral sites and only Vs of the tetrahedral sites

are occupied. Clearly, another type of disorder

would result if a fraction of the cations were to

occupy the other interstices in the close-packed

layers.

Cation Distribution and Temperature. De Boer
et al.,^' "' on the basis of the energy consideration

resulting from the Madelung potential, oxygen
parameter (?/) and the size of the unit cell, pro-

vided us with a diagram (Fig. 1) showing probable

cation arrangement. From the diagram, it appears

that for a fixed value of the lattice constant a

normal structure is stable for u > 0.379 in the case

of 2-3 spinels, and u < 0.385 for 2-4 spinels.

Otherwise, inverse spinels are stable. Miller^° ex-

tended the concept of octahedral site preference

energy in spinels to include Madelung and short-

ranged as well as crj^stal field terms. A set of site

preference energies is thus formulated and the

prediction of the probable ionic distribution in

spinel has been attempted.

It is important to note that except for ferrites

(Callen, et al.Y it is nowhere implied in any theorj'^

to date that the equilibrium cation distribution in

spinels could change with temperature; i.e., it is as-

sumed that the change of the crystal field stabili-

zation energies (or as expressed above, the energy

for preference of a particular site) with tempera-

ture is equal for all ions. This assumption is clearly

an oversimplification.

The fact that the possible long-range orders can

be observed onh' in a few cases has been ascribed

by De Boer, Van Santen and Verwey' to the

energy involved. The ordering energies for the

above-mentioned superstructures are large com-
pared to the energy of thermal motion at the trans-

ition temperatures. So, although unreported, there

would always be a fairly large amount of short-

range order in inverse or intermediate spinels.

Again from the predictions of De Boer et al.^ and
Miller,^** a possible, though complicated, relation

between temperature and u and through it to the

cation distribution, can be suspected. However,
no case is hitherto known where the same spinel

exists in ideally normal and ideally inverse forms.

For the vast majority of spinels it has been claimed

140

normol

2-4 spinel

inverse

normol

2-3 spinel

inverse

0.375 0380 0.385 0.390

Fig. 1. Madelung potential (M) as a function of

oxj'gen parameter {u) and ionic distribution. M is

expressed in terms of electrostatic contribution to
the lattice energy of spinel (in units e-/a, where
e = electronic charge and a = lattice constant).
(From De Boer et al, 1950)

OOO 1200

TEMPERATURE

Fig.^.^. -. Observed relative integrated X-rav in-

tensities of (220)/(440) reflections of XiAloOi as a
function of temperature (from which samples have
been quenched).
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Fig. 3. 2^-temperatiire graph for CuKai reflection of (844) plane of XiALO^
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Fig. 4. Visible-region reflectance spectra of

NiALOd with respect to MgO. Fig. 5. Infrared absorption spectra of NiAbO^
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that the structures are either normal or inverse,

usually no reference being made to the condition
of preparation. In the case of some ferrites, cer-

tain physical properties, however, have been re-

ported to be a function of firing temperature
(Kedesdy and Tauber,^ Bertaut^). The possible
valence change problems in ferrites complicate the
interpretations. Recent experimental investigations
by the present authors have estabhshed the ex-

z 8.10
o

UJ

^ 8.051-
t-

t-

<

Samples equilibrated at 1300 t
used as starting material

60

8.15

ZnAlTo ^ 40
MOLE

60 NiAlgQ,

Fig. 6. Lattice parameter vs. composition dia-
grams for the system NiALOi-ZnALO* at 650 and
1370°C.

istence of normal-inverse-type disorder (or order)
in spinels. The distribution of cations in different

coordinations in the spinel structure as a function
of temperature of reaction has been quantitatively
determined for several phases. The spinels have
been synthesized and/or reacted at various tem-
peratures and pressures. The relative X-ray in-

tensities of various reflections of the quenched
phases were measured and compared with in-

tensities calculated for various models of cation
distribution. The effect of the temperature factor
and the change in the u parameters were evaluated
by calculation. It has been observed that the in-

tegrated intensity of (220) reflection of spinel
is contributed to only by the tetrahedral cations,
thus making the intensity of (220) very susceptible
to changes in cation distribution, whereas the in-
tegrated intensity of (440) reflection is independent
of cation distribution. It has been further observed
that the intensities of (220) and (440) reflections
are essentially independent of the oxvgen param-
eter, u. So /(220)//(440) has been considered as a
measure of cation distribution (Fig. 2). The tem-
perature dependence of the distribution of cations
in spinel is further characterized by correlation
of the following properties: unit cell dimension,
reflectance spectra in the visible region and infra-
red absorption spectra from 11-25^. Figures 3 to 5
compare the lowest temperature, high-pressure
form of NiAl204 with the same sample at higher
temperatures at 1 atm. There is a very sub-
stantial change from the perfectly inverse state at
600°C to a substantially normal state at high tem-
perature.

Mutual crystalhne solubilities of many spinels
have also been studied as a means of showing the
cation distribution. Different degrees of deviation
from ideahty at different temperatures (for the
same system) indicate the relation between the
temperature and cation distribution in spinels
(Fig. 6). It may be mentioned that similar nor-
mal-inverse transitions have been observed in
NisGeO^, CooGe04, MgAbO^

, (NiZn)Ti04, etc.,

whereas, many other spinels, like ZnAloO*

,

Fig. 7. Normahty vs. temperature of equiKbration of XiAl.Oi

.
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ZnCrsO^, MgCr.oO,, Zn^TiO^ , Mg^TiO^, etc, do

not show any such transition at all within the

temperature range of 600°C to 1200°C.

The question now arises as to the possible rever-

sibility of the order-disorder phenomenon with

temperature, and where indicated, the determina-

tion of equilibrium temperatures of transforma-

tion. Experimental investigations show that the

normal-inverse type transitions are reversible (Figs.

2, 3 and 6) second-order phase changes with the

degree of order determined by the temperature

(Fig. 7).

It is clear from these results that no spinel can

be adequately characterized by reference to a table

since the temperature and pressure of its forma-

tion determine the cation distribution. The re-

sults also point to the necessity of presenting tem-

perature-dependent functions for each ion as

an essential refinement in crystal field approaches

to the problem.
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STEAM VOIDS IN WATER: MEASUREMENT BY RADIATION

ATTENUATION METHODS

Knowledge of the amount and mode of distribu-

tion of voids in a liquid is of frequent interest.

Such information is of particular importance in

the design and operational understanding of

pressurized as well as boiling Uquid nuclear re-

actors. Although the present discussion empha-

sizes the particularly important and experimentally

difficult case of measurement of steam voids in

reactor type water channels at pressures ranging

up to 2000 psi and temperatures ranging around

500°F, the basic principles involved have general

applicability.

The measurement of voids in a liquid is, at best,

a difficult determination, and this is compounded

by the need to determine voids under conditions

of high pressure and local boiling as well as bulk

boiling conditions. In the study described below,

the initial emphasis was placed on the determina-

tion of steam voids in the range of to 10 per cent

by volume within water thicknesses of the order of

0.250 in., under pressures ranging from 1000 to 2000

psi. In order for void data to be meaningful from

the standpoint of reactor design and analysis, it is

necessary to obtain such data with absolute errors

not exceeding around 1 per cent. This requirement,

therefore, appeared to rule out the use of gamma-

ray attenuation methods, which had been used to

obtain the vast majority of void data reported to

date. For example, with the use of thulium-170

(52 and 84 kev gamma radiation), absolute errors

in void measurement of around 5 per cent are

obtained with the use of a 1-in. thickness of water,

approximately independent of the magnitude of

voids measured."'
=*•

' In order to reduce void meas-

urement errors to about 1 per cent, a 2.5-in. thick-

ness of water is required.^

The inherent advantages of properly designed X-

rav sources over gamma-ray sources derive from

the following facts: (1) X-ray sources are non-

decaymg sources capable of providing much higher

photon current densities, and, hence, permit much

more accurate measurement of counting rates, and

(2) X-rays can be produced at much lower energy

levels than available from commonly available

radioactive sources and, hence, considerably greater

attentuation factors are obtainable, with cor-

respondingly increased discrimination between

water and voids, for example. In a somewhat re-

lated application of X-ray absorption, local bed

densities within fluidized "beds of solids were de-

terminable with much greater accuracy than pos-

sible by means of gamma-ray absorption, for ex-

ample.^*

The use of relatively low energy X-radiation

(i.e., <50 kev) makes possible substantially in-

creased accuracies in the measurement of steam

voids, but for the elevated pressures and tem-

peratures of interest, this imposes stringent require-

ments in the design of the test channel under study

because stainless steel (which is a desirable ma-

* See also "Densities in Fluidized and Static Bed

Svstems."
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terial of construction for test channels from many
aspects) is a strong absorber of low-energy X-rays.
This necessitates that the test channel walls be as

thin as practicable and the detector system as sen-

sitive as possible. The latter, in turn, necessitated

the use of a balanced dual-beam photometer sys-

tem.

Apparatus. Figure 1 shows a block diagram of

the void measurement apparatus employed in the
aforementioned study. An exploded view of the
stainless-steel test section is given in Fig. 2. Fig-
ure 3 shows the void measurement apparatus as

well as test section (before insulation) in place in

the high-pressure loop. Figure 4 shows the elec-

tronic gear as well as the control panel from which
the void apparatus is remotely operated.

Fig. 1. Block diagram of void measurement ap-
paratus.

The test section shown consists of a stainless-

steel channel 0.250 in. X 1.00 in. X 27 in. over-all

internal dimensions, with 0.020 in. front walls

and 0.010 in. side walls. The steel backup housing
contains thirteen %q in. X 1 in. front windows as

well as thirteen %6 in. X ^4 in. side windows,
spaced every two inches along the length of the
channel and backed by 0.060 in. and 0.080 in.

thicknesses of beryllium, respectively. The backup
housing also contains provisions for twelve pres-

sure taps and wall thermocouples. In addition, the
end flanges contain pressure taps as well as coolant
thermocouples.

Steam voids in the flow channel are determined
by means of a double-beam X-ray absorption tech-
nique, employing a d.c. differential signal ap-
proach. This consists of feeding the output sig-

nals from the photomultiplier tubes through a

zero-stabihzed d.c. amplifier and then directly to a

photoelectric recording voltmeter. The two X-ray
beams generated in a G.E. CA-7 tube (tungsten
target) are collimated for optimum signal level

and resolution. One beam is directed through a

test section wmdow to a sodium iodide crystal and
photomultiplier tube combination; the second
beam passes through an adjustable absorption
wedge equivalent to the test section and is re-

ceived by a second crystal-photomultiplier tube
combination. The two detector signals are balanced
to give zero difference without boiling in the test

section. Any change in fluid density (due to either

voids or just due to temperature difference) is then
indicated by a differential signal between the

detectors.

The X-ray generator consists of a G.E. CA-7
dual-beamed, tungsten target X-ray tube, powered
by a G.E. XRD-3 power supply. The detection sys-

tem consists of two Dumont 6292 photomultiplier

Fig. 2. Exploded view of stainless steel tCii uliannel.
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Fig. 3. Void measurement apparatus and test

channel, before insulation, in pressure loop.

tubes feeding into a Kintel 114A zero-stabilized

d.c. amplifier, which in turn feeds a G.E. photo-

electric recorder. The photomultiplier tubes are

provided with water-cooled magnetic shields. It

was also found necessarj^ to magnetically shield

the X-ray tube. Details of the photometer com-

ponents are given in Table 1.

The traversing gear is mounted on a 31 in. X
31 in. X 81 in. demountable Unistrut metal frame.

The X-ray tube and detector probe can be posi-

tioned by remote operation with maximum vertical

and horizontal movements of 28 and 2 in., re-

spectively. This permits entire scanning of all

windows of the test section.

Vertical positioning of the void detection equip-

ment is controlled by a jack screw operated

through a gear reduction device. For large vertical

movements a speed of 5 in. per min. is provided,

which reduces automatically to a speed of ap-

proximately 1 in. travel per min. during the range

of travel represented by each window of the test

section. Vertical movement is remotely controlled

by a manual toggle switch station and the final

position for each window is determined by the

observed peak signal shown on the recorder.

Vertical positioning with this procedure is as ac-

curate as the system resolution ('-^O.S per cent

void equivalent). AHgnment problems due to

thermal expansion are eliminated for steady state

data with this procedure.

Horizontal movement of the void detection

equipment is approximately 1 in. per min. Hori-

zontal positioning with an accuracy of 0.005 in. or

Fig. 4. Control panel for remote operation of void apparatus in Fig. 3.
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better is accomplished by means of remote Selsyn

control. This mode of control is also used to posi-

tion the reference absorber (a Lucite wedge) which,

in turn, is used to balance the detector system for

the condition of zero voids in the actual test

channel. Void measurement sensitivity can be
checked periodically by means of a remotely
operated, solenoid-actuated thin metal or plastic

shutter periodically inserted in the reference chan-
nel X-ray beam.
Operating Procedure, The general procedure

for making void measurements is as follows

:

1. The photometer equipment is turned on and
stabilized while the test loop is being brought
up to an isothermal condition. When both are

stable, the reference wedge is positioned to bal-

ance the water density in the test section and then
locked. This balance is made with the detector

positioned in the center of Window No. 1 (inlet

end). The signal for this position now serves as a
reference for the subsequent void measurement
data.

2. From Window No. 1, the detector is moved to

the other window positions and cahbration readings

are taken. Finally, the detector is returned to

Window No. 1 for a drift check. The result is a
profile of the windows and the corrections for

varying wall thickness at each window.
3. With the detector at Window No. 1, the

loop is raised to a new isothermal condition 50° to

100°F higher. The signal change accompanying this

temperature change is then noted and then the
calibration shim is energized. This shim flips into

the test section beam and produces a signal change.
The signal change due to the shim is then related

to that due to the density change resulting from
the coolant temperature change. This determines
what the shim is "worth" in equivalent water
density change. (See Eq. [3].)

4. After the above preliminaries, an actual void
measurement run* can be begun. Power is ap-
plied to the test section and the loop adjusted to
the desired conditions. After steady state condi-
tions are reached, the test section windows are
scanned, the signals recorded, and the shim intro-

duced at intervals as a running check on system
sensitivity.

Steps 1 and 3 are required only after a new test

section has been installed. Normally, the signal at

Window No, 1 is zeroed by means of the Lucite
wedge prior to the beginning of a power run,
the wedge locked in place, and the run begun. If

there is a possibihty of boiling at Window No. 1,

then the loop is operated under isothermal condi-
tions (i.e., test section power off) corresponding to
a test section inlet temperature identical to that for
the planned power run.

Reduction and Analysis of Data. One of the
conveniences of using a radiation attenuation tech-
nique for the measurement of voids in a liquid
is that local bulk densities (i.e., local average
two-phase densities) are directly computable, the

^

* Hereinafter referred to as a power run.

Table 1. Details on Photometer
Components.

1. X-ray power supply—XRD-3 (G.E.)--full
wave rectifier, unfiltered—maximum ratings
50 kvp, 50 ma.

2. X-ray tube—CA-7 (G.E.) tungsten target-
maximum rating 1000 w.

3. Crystals—Nal (Tl) (Harshaw Chemical j—
% in. diam x 0.080 in. thick with 0.001 in. Al
window.

4. Phototubes—6292 (DuMont) 10-stage mul-
tiplier.

5. Phototube power supply—Hamner N-401 =b
500—1800 V at 5 ma.

6. Time constant adjustment.
Position No. 1—time constant 0.1 sec.

7. Differential amplifier (Kin-Tel 114A)—step
gains 10 to 1000.

8. Recorder range adjustment.
Step voltage divider—steps adjustable in-

dividually.

9. Recorder—photoelectric (G.E. type CE porta-
ble)—chart speed 3 in./min.

latter being the density parameter of direct interest

in the hydrodynamic, neutron kinetics, as well as

stability calculations required in nuclear reactor

design and analysis. Hence, data reduction pro-

cedures were developed so as to arrive at these

values with a minimum of manipulation.

Recorder readings are converted to local bulk
density values in the following manner

:

Ap, = m. Rwi) — CwxS\ (1)

where

\px = bulk density difference for Window X
relative to Window 1 (gm/cc),

Rwx = chart reading for Window X (recorder

scale units),

Rwi — chart reading for Window 1 (recorder

scale units),

Cwx — wall thickness correction for Window X
(recorder scale units),

S — sensitivity factor (recorder scale units),

F — density scale factor, (gm/cc) /unit scale

reading.

Correction values for each window are deter-

mined by Eq. (2) from data taken under isother-

mal conditions.

C„
i?.; Ru^

So
(2)

where
So = sensitivity' factor measured during the

calibration isothermal run.

The scale factor F is determined bj" comparing
the signal change between two isothermal condi-

tions. For example, with isothermal measurements
made at 450° and 500°F,
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F = (P450 — P50o)(So)

Rw5 Rwi
(3)

The factor So is required in Eq. (2) and (3)

because the system sensitivity may be slightly dif-

ferent for the calibration run (i.e., Parts 1 to 3

of the above procedure) and each of the sub-

sequent power runs, or possibly a different re-

corder range may be necessary. The So factor in

Eq. (2) and (3) is the signal change in scale units

caused by inserting the Lucite shim in the test

section beam at the time of initial test section

calibration.

The S factor in Eq. (1) is determined by insert-

ing the same Lucite shim in the beam during the

subsequent power runs. Normally the shim is in-

serted for 20 to 30 sec. several times during a power

run. An example is shown in Fig. 5.

To apply the data from a power run, an ap-

FiG. 5. Signal deflection from .028 "Lucite" shim
range: 50% void full scale.

parent density profile is plotted from the test sec-

tion temperature data and serves as a base for void

determination. This plot (Fig. 6, Curve A) in-

dicates the apparent mean water density based on

bulk water temperature conditions at each window
location along the test section. From this plot the

mean density at Window No. 1 can be determined

(assuming no boiling at Window No. 1). The
Ap values obtained from Eq. (1) are then sub-

tracted from pwx to obtain Curve B. This second

curve should coincide with Curve A where no

boihng exists or drop below A when boiling does

exist. These two curves then provide a qualitative

check on data consistency for a given run.

Void % F.
PAx — PBi

PAx
(100)

The curves shown in Fig. 6 provide the void

data in general form, and it may then be applied

to a specific area of need such as heat transfer,

fluid flow, or nuclear physics.

Sample Results and Discussion. Figure 7 shows

dramatically the advantages over a single-beam

photometer sj'stem and, indeed, the need for a

dual-beam photometer system in order to obtain

accurate void measurements within stainless-steel

test sections. At the left of Fig. 7, for the single-

beam system, are shown the recorded signals cor-

responding to attenuation by a mock-up of the

actual test section shown in Figs. 2 and 3, for

the conditions of and 5.7 per cent voids, re-

spectively. The gross instability, insensitivity, as

well as nonreproducibility of the signals obtained

with this system are apparent. The corresponding

advantages of the dual-beam system are apparent

e
(GM/CC)

DENSITY VS. TEST SECTION POSITION

CURVE A-APPARENT DENSITY

CURVE B-ACTUAL DENSITY

Fig

3 X

TEST SECTION POSITION

6. Plot of void data in general form.
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Trr

ZERO VOIDS

5.7^ VOIDS

ZERO VOIDS

Fig. 7. Sample measurements of equivalent voids
under static conditions.

from inspection of the right side of Fig. 7. On
the basis of these as well as of subsequent results,

an ultimate absolute accuracy of void measurement
of 1 per cent or better appears possible for this sys-

tem. Calibration runs are currently reproducible
to ±1 per cent (void equivalent at 500°F), and
the scatter in the initial power run data lies

within a ±2 per cent void equivalent band. It

should be noted that the residts shown in Fig. 7

were obtained on a stable, static system (i.e., no
flow or actual boiling). Under conditions of actual

boiling, the possible effect of superimposed boiling

noise must be considered. However, this effect has
been found negligible for the conditions studied
thus far. Other possible problem areas are dis-

cussed in Ref. 2.

In addition to these areas, a correction term to

account for the difference in the densities of the
test section wall at the measured point and at the
reference point is rigorously required. However,
for relatively small differences in temperature of

the measured and reference points, such as en-
countered in the investigation described in Ref.
2 ('-^50°F), this correction term will be of only
minor significance, if any. Reference 2 also includes
a bibhography of references relating to the use of

gamma-ray absorption for the determination of

steam voids in water flowing through reactor type
channels.

Although the results and techniques described
in Ref. 2 represent an order of magnitude im-
provement in obtainable accuracies of void meas-
urements at high pressures, substantial further

improvements have since been made, not yet re-

ported in the unclassified literature.
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STRESSES, RESIDUAL, IN HARDENED STEEL: DETERMINA-

TION BY X-RAY DIFFRACTION

Residual (locked-in) stresses are believed to

have a profound effect on the service life of hard-

ened steel parts. These stresses may arise as a re-

sult of the heat treatment used to harden the parts

or because of finish-grinding operations after heat

treatment. In general, if there is a residual tensile

(positive) stress remaining in the surface after

fabrication, that part will tend to fail more readily

in service due to cracking, spalling, etc., than a

part which has a residual compressive (negative)

stress in the surface. Thus, it becomes of great im-

portance to ascertain the sign and magnitude of
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residual stresses ( 1 ) to help predict service life and

(2) to determine when real improvements in heat

treatment and finishing operations have been

achieved from the viewpoint of stress distribution.

X-ray diffraction methods of residual stress de-

termination have the unique advantage over all

other methods in that they can be used to meas-

ure these stresses nondestructively in surfaces.

Mechanical methods for measuring residual

stresses have been developed;^' " however, these are

destructive and, for this reason, cannot be used

on the same parts that are to be placed in service.

Needless to say, any method for measuring three-

dimensional stress distribution, including X-rays,

is necessarily destructive since metal has to be

removed to determine stress as a function of depth

below the surface. However, a knowledge of surface

stress is sufficient in many cases to define the

stress characteristics of a given sample and, hence,

the nondestructive feature of the X-ray method
is often of considerable value.

X-ray methods can be used to measure residual

stresses in metals other than hardened steel, as

well as in nonmetals.^ X-ray methods are also

useful in measuring applied stresses and they share

this ability with strain gauges and various mechan-
ical methods. An interesting combination involves

using X-rays and strain gauges simultaneously to

determine the elastic limit of a material. X-rays

measure only elastic strain while strain gauges

measure total (elastic + plastic) strain. In the

elastic region. X-rays and strain gauge readings

agree but, when the end of the elastic region has

been reached, they begin to deviate. Many other

interesting examples could be cited; however, it

is the purpose of this paper to deal specifically with

the problem of measuring residual stresses in hard-

ened steels. Prior to discussing some of the details,

the principles of stress determination by X-ray
diffraction will be outlined.

Principles of Stress Determination by X-ray

Diffraction. The determination of stresses by X-
ray diffraction techniques is based on measuring
variations in "d" value for a given interplanar

spacing dhki , these variations occurring as a result

of residual or applied stresses in the sample. In the

simplest case, a uniaxial tensile stress applied to

a single crystal parallel to the (hkl) planes of

interest causes this interplanar spacing to de-

crease. The atoms are literally ''stretched out" in

the direction of stress and are "squeezed together"

perpendicular to this direction. Thus, X-ray
methods do not measure stress at all, but rather the

strain induced as the result of residual or applied

stress. Furthermore, X-rays measure only elastic

strain, as has already been pointed out. Plastic

strain results in a "slipping" and realignment of

crystal planes relative to each other and this can-

not be detected by X-rays.

Before stress can be determined from "d" spacing

measurements, it is necessary to establish a quanti-

tative relationship between stress and strain. This

has been done long ago for bulk materials within

their elastic limits in terms of two constants, E
and V. E, commonly called Young's modulus, is the

ratio of the applied uniaxial stress to the resultant

strain. For plain carbon steel, E is 30 X 10° psi.

This means that, if a tensile stress of 30 X 10° psi

were applied to a steel rod, it would elongate

(strain) one inch per inch of length. Such a strain

is, of course, far beyond the elastic limit of steel.

A more typical case within this limit would be a

stress of 6000 psi which would cause a strain of

0.0002 in. per inch of length, v, commonly called

Poisson's ratio, is the ratio of the change in diam-

eter of a rod to its change in length as the result

of appHed stress. For steel, v is 0.28. This means,

for example, that each incremental increase in

length due to applied tensile stress is accompanied

by a decrease in diameter, 28 per cent of the length

increase. Applying these engineering values for E
and V on an atomic scale, this would mean that

the "c^" value of {hkl) planes parallel to the

stress direction would be reduced 0.28 X [6000/

(30 X 10°)] X 100 = 0.006 per cent compared to the

unstressed value if a 6000 psi tensile stress were

applied to a piece of steel.

To observe such small changes it is necessary to

measure "d" values at large diffraction angles 6

since the sensitivity in measuring changes in "d"

increases with 6. This can be seen most readily

from the differentiated form of the Bragg equa-

tion:

\\d\/d = cot d \^B\ (1)

As an example, a change of 0.006 per cent in "d"

corresponds to a change of about 0.02° in 6 (0.04°

in 2e) at an angle of 156° 28 (this corresponds ap-

proximately to the measured diffraction angle of

the (211) reflection of alpha iron when using chro-

mium K alpha radiation). A modern diffractometer

can easily measure to 0.04° 26 since the precision of

these instruments is ordinarily about 0.01° 2d or

better.

X-ray stress determinations are confined largely

to surface layers corresponding to the depth of

penetration of the diffracted X-rays, or about

0.001 in. Since a material cannot support a stress

perpendicular to its surface at the surface. X-rays

can be used to measure only the uniaxial (& or By)

stresses or the biaxial {Sx + Sy) stress sum parallel

to the surface. In fact, the difference in "d" values

between an unstressed and a stressed sample cor-

responds to the sum of the principal stresses

{Sx + Sy) in the sample surface.

If it is desired to determine the principal stresses

separately, it is necessary to measure "d" values

for a given {hkl) reflection at two angles to the

sample surface, these angles deflning a plane which

intersects the surface in the direction of the prin-

cipal stress of interest. This method is commonly
called the "two-exposure" method because it was

first used with film diffraction techniques. One of

its major advantages is that it does not require a

knowledge of the "d'' value for stress-free ma-
terial, a value unobtainable in many cases of prac-

tical interest. The two-exposure method is used

exclusively for the accurate measurement of resid-

ual stresses in hardened steels and will be described

in more detail in the following section.

The residual or applied stresses determined by
X-rays refer to so-called macrostresses. Macro-
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stresses are those stresses of the same sign and
magnitude involving large numbers of grains or

crystallites in the metal sample. For example,

when a uniform tensile stress is applied longitudi-

nally to a steel rod, nearly all of the metal grains

are stretched in the same direction. Macrostresses

are to be contrasted with microstresses which refer

to variations in interplanar distances due to a non-
uniform stress distribution or other inhomogeneity
within a single grain. Microstresses cause diffrac-

tion line broadening while macrostresses cause line

shifts.

A difficulty in relating diffraction line shifts to

macrostresses in terms of E and v is that due
to anisotropy of the individual metal grains and
the crystal structure of the metal itself. For ex-

ample, E and v may have one value for the (100)

direction in a crystallite and a different value for

the (111) direction because of the difference in

atomic binding energies for the two directions.

This effect has been observed experimentally for

metal single crystals and for polycrystalline metals
having relatively large grain size. Fortunately, this

effect is negligible in hardened steels as will be
demonstrated in the next section. A possible ex-

planation for this is related to the idea that the

grain size is so small that the hardened steel crys-

tallites are constrained to behave isotropically.

Development of X-ray Methods. As recently as

1948, it was suggested by D. E. Thomas, a leading

authority on X-ray stress analysis, that "hardened
steel is incapable of giving [X-ray] reflections, and
so the very interesting cases of stresses in

[hardened steel] cannot be investigated by this

means."* This statement points to the major
stumbling block at that time in making any resid-

ual stress measurements on hardened steels with
X-rays; namely, the diffraction lines of hardened
steel on film patterns were so broad and of such low
intensity above background that it was deemed
hopeless to measure these lines. Thus, X-ray stress

measurements were confined principally to soft

iron and other metals which gave reasonably sharp
diffraction lines. The problems of crystallite

anisotropy were the major concern at that time.

It was later observed, however, that measurable
diffraction lines could be obtained from hardened
steels, based on unpublished work of C. M.
Schwartz and D. Vaughan of Battelle Institute.

These men confirmed the fact that the use of

chromium radiation improved the peak to back-
ground ratio appreciably on film patterns com-
pared to other commonly used radiations. Chris-

tenson and Rowland^ followed through on this

observation in 1953 using a diffractometer. They ob-
served that excellent diffraction profiles could be
obtained with chromium radiation for the (211)

diffraction line of hardened stee? at about 156" 2d

using a 0.001 in. thick vanadium foil (not plastic)

filter between the sample and detector (crystal re-

flected monochromatic cobalt, iron, or chromium
K alpha radiation would also be satisfactory, but
monochromatic radiation is impractical to obtain
at the desired intensity level in a commercial dif-

fractometer). In addition to observing that
chromium radiation could be used to provide satis-

factory diffraction profiles, Christenson and Row-
land devised a two-exposure method for meas-
uring residual stresses to a precision and accuracy

of about ±5000 psi, a value satisfactory for most
stress analysis work. The C. and R. method with

some simplifying modifications is still the major
method in use today for the determination of

residual stresses in hardened steels.

This two-exposure method involves obtaining

diffractometer profiles of the martensite (211)

diffraction peak using point by point scanning as

indicated in Fig. 1. Two profiles are obtained, one
with the sample surface oriented so that the X-ray
beam diffracts from crystallites having their (211)

planes parallel to the surface (i// = 0°) and the sec-

ond from crystallites having their (211) planes in-

clined at an angle of V^° to the sample surface as il-

lustrated in Fig. 2(a) and 2(b) respective!}^ (-^

= 60° is a value widely used; it and -^ = 0^ are the

two values used nearly exclusivel}' in the present

day application of this method).

350

150° 154'
DEGREES 2t

Fig. 1. Diffractometer record of martensite (211)
diffraction peak using chromium radiation.

^.
i) ^ = 0'

j
\ ' 'in PLMES

D/RECriO\\

j^
SPECIMEN

OF STRESS
'

SURFACE

DIFFRACTED
X-RAYS J \\ INClDE^T

\ X-RAfS

(ZIIJ PLANES

b) ^..f
(t=60' IS THE
VALUE USED IN
THIS METHOD

)

Fig. 2. Illustration of "'two-exposure'"' method.
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Fig. 3. dx{y vs. sin^ 4^ for SAE 1095 hardened steel

mechanically stressed in the approximate range of

to 120,000 psi.

26 measurements and "d" values calculated

from these two profiles are then used to determine

the stress parallel to the sample surface and in the

plane of the paper of Fig. 2 by means of the fol-

lowing equation

:

E — (d^ - dO = Kid^ - r/j) (2)

do{l + f) sin-i/'

where
S is the stress (in psi)

E, V, and \p have already been defined

d^, is the dzii value determined at t/' = 60°

d\\ is the d2^l value determined at \// = 0°

do is the d-ii value for stress free material and

may be substituted for by df or d\\ with neg-

ligible error.

The stress at right angles to the plane of the

paper of Fig. 2 may be determined by turning

the sample surface 90° in its own plane and re-

peating the measurements. In this way the biaxial

stress distribution in the surface may be com-

pletely determined.

The calculation of stress, d^, and f/||, imply the

definition of a line position for the (211) profile

in terms of degrees 26. A position widely used is

the peak of intensity; however, even to define a

"peak" position for the (211) profile can be quite a

subtle problem when it is reahzed that this profile is

about 8° 26 wide at half-height (see Fig. 1) and

that it may contain as many as six unresolved com-

ponents: the (211) reflection of ferrite, the (211)

and (112) reflections of martensite which may be

a doublet depending on the amount of tetragonal

martensite in the sample, and the ai-aa doublets

of each of the ferrite and martensite reflections.

Fortunately, in most practical cases, the com-
posite (211) profile is fairly symmetrical; however,

there are certain asymmetries which have to be

considered before accurate stress calculations can

be made. This was recognized by Christenson and

Rowland, who used the following method for es-

tablishing a peak position and correcting it for

these asymmetries.

The straight portions of the profile on either side

of the peak (about 151 to 153° and 157 to 159°

in Fig. 1) are extrapolated algebraically to the

point of intersection, this point being defined as

the peak position. Prior to extrapolation, the

straight sides of the profile are "rotated" alge-

braically, pivoting about the abscissa at 160° 26

until the sides have slopes of equal absolute value.

This forces the profile, as now defined by the

extrapolated sides, to be symmetrical with respect

to the (new) peak position. The corrected peak po-

sitions are then used to calculate d^P, d\\ and stress.

Peak position correction by rotation of the profile

sides was found necessary by Christenson and Row-
land in order to obtain a zero calculated stress from

a hardened steel sample known to be stress-free.

Christenson and Rowland explained the need for

this tj^pe of correction to "place the profiles [for

V^
= and 60°] on an equal intensity basis." A theo-

retical analysis by Beu^ showed that rotation or

its equivalent was required primarily due to vary-

ing absorption of the X-ray beam in the sample

for -^ = and 60°. Because of the breadth of the

profile, a correction for Lorentz and polarization

(LP) factors was also required. Thus, rather than

having corrections made on the arbitrary basis pro-

posed by Christenson and Rowland, they can now
be made on the basis of theoretical factors known
to affect diffraction profile shapes. Nevertheless, it

must not be overlooked that the C. and R. method,

arbitrary though it may seem, gives precise and

accurate stress results.

Precision and accuracy of the C. and R. method

can be tested in several ways including the follow-

ing:

1. The method must provide a zero calculated

stress for a sample known to have zero stress.

This was observed within the precision of meas-

urement for three types of stress-free hardened

steel samples:

a) Hardened steel powder in which the particle

size was too small to support residual stresses.

h) Hardened steel foil, 0.001 in. thick which

would buckle before supporting residual

stresses.

c) A hardened steel block quenched to just

above the Ms temperature and cooled so

slowly to room temperature that no residual

stresses could develop.

2. The method must satisfy all aspects of Eq. (2).

These include the following consideration: By
rearranging Eq. (2) as follows:

d^
doil + v)

S i2 4^ + dc (-1) (3)

it can be seen, for a series of calculated stress

values, that a plot of d^, vs. sin^ ^ should yield

a family of straight lines which cross over at

sin- -^ = 0.23 (where d4^ = do) when using en-

gineering values of E and v for steel. This

has been observed and is illustrated in Fig. 3.

Not only does this demonstrate that the C.

and R. profile correction method is satisfactory,

but it indicates that the engineering values for

E and v are vahd for the (211) reflection of



r
1031 STRESSES IN STEEL

hardened steel; i.e., crystal anisotropy is no
problem in this case.

3. The method must agree with strain-gauge re-

results over the elastic range. A hardened 1095

steel strip 0.020 in. thick was stretched elastically

in increments to about 100,000 psi. X-ray and
strain-gauge measurements were made simul-

taneously, the X-ray measurements on the front

surface and the strain-gauge measurements on
the back surface using an SR-4 strain gauge.
The plot of X-ray and strain-gauge readings

given in Fig. 4 show a correlation within
about ±5000 psi over the entire range.

Thus, the C. and R. method provides stress data
precise and accurate to about ±5000 psi over a

range of at least 100,000 psi according to the
criteria given above.
Other methods of fixing the peak position of the

(211) profile have been suggested. These include
the centerline method (extrapolation of the mid-
points of profile chords to the profile curve) ac-

cording to Maloof and Erard,^ and parabola
fitting to the profile in the vicinity of the peak ac-

cording to Ogilvie.^ None of these methods includes
correction procedures for absorption, LP, or other
factors. Data obtained using these methods result

in calculated stresses of 30 to 80,000 psi for stress-

free samples. These discrepancies have been as-

cribed to anisotropy effects; however, Beu° has
indicated, in the case of the parabola fitting

method, that corrections for factors such as ab-
sorption would clear up this discrepancy without
having to invoke anisotropy effects.

A modified C. and R. method^ has been de-
veloped based on the suggestions of Beu*' and
Ogilvie.® This method requires about 15 minutes
compared to about two hours per analysis for the
original C. and R. method. The precision and ac-
curacy of the two methods are comparable.
Modified Christenson and Rowland Method.

Various aspects of the original C. and R. method
and its modifications have been discussed. These
shall be brought together here, along with a few
experimental details, to present a working de-
scription of a precise, accurate, and rapid method
for determining residual stresses in hardened
steels.

A General Electric XRD-3 diffractometer was
adapted for these purposes.-' " The line focus of a
chromium target X-ray tube is used at 20 kv and
20 ma with a 7° take-off angle. A 3° divergence
Soller slit assembly is used at tlie X-raj- tube,
with 0.3° and 0.1° detector slits for •/ = and 60°

measurements respectively. A O.OOl-in.-thick va-
nadium foil filter is mounted on the detector sht
assembly. No Soller slits are used between the
sample and detector. A sHde mechanism which
permits moving the detector tablj and positioning
the detector slit on the focusing circles for 4^ =
and 60° respectively, replaces the fixed detector
table. Finally, a micrometer screw adjustment is

incorporated in the sample table so that the sample
can be translated in a direction perpendicular
to its surface to compensate for geometric errors

in profile shape due primarily to X-ray beam
divergence. Usually a translation of 0.010 to 0.020

40 60 80 100 120
Thousands of PS/

MECHANICAL STRESS CHANGE
(From Strain Gage Measurements)

Fig. 4. Correlation of X-ray and strain gauge
stress measurements for SAE 1095 steel hardened
to 60 Rockwell C.

in. from the axis of rotation of the diffractometer is

sufficient. The magnitude of the translation is de-
termined empirically, that position being chosen
for which cU = d\\ for a stress-free sample withm
the precision of measurement. Once determined,
this translation is a fixed quantity for a given set
of collimator conditions.

Intensity measurements are made at three
points, one degree 29 apart, in the vicinity of the
peak of the (211) profile so that two' of the
three points fall on either side of the peak (see raw
data [black points] of Fig. 5). Intensity is meas-
ured in terms of the time required to register 98,304
counts in the detector. The three measurements are
corrected by multiplication for absorption and LP
factors using the appropriate values hsted in Ta-
ble 1. A parabola is fitted to the corrected in-
tensit.v values using the equation:

26, 2d, 2., + -^

c /3a + b \

2[a+bJ (4)

where
2ep corresponds to the 26 position of the para-

bola vertex,

26i is the 26 position of the first corrected
intensity measurement,

a and b arc intensity differences as indicated in
Fig. 5,

c is the angular interval between intensity
mca.surements = 1° 26*.

Finally, the stress may be calculated using a
simplification of Eq. (2), namely:

S = K(26ii - 264^) (5)

where
A' = 60,000 psi per degree 26 for the experi-
mental conditions described,
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I

I

FITTED PARABOLA 2ap.„, -- 155.31'

• RAW DATA

CORRECTED DATA

154 155 156 157

ANGULAR POSITION (DEGREES 26)
158

Fig. 5. Peak position as determined from a parabola fitted to corrected X-ray intensity

data.

Table 1. Multiplicative Corrections
FOR Absorption and JjP Factors.

Factor for Factor for

2 a

^ = 0°
1^ = 60° ^ = 0° ^ = 60°

145 1.000 1.000 155 0.691 0.510

146 0.968 0.935 156 0.662 0.476

147 0.937 0.876 157 0.633 0.444

148 0.905 0.818 158 0.604 0.414

149 0.874 0.765 159 0.575 0.385

150 0.842 0.714 160 0.547 0.358

151 0.812 0.668 161 0.518 0.332

152 0.782 0.626 162 0.490 0.307

153 0.751 0.584 163 0.461 0.283

154 0.721 0.546 164 0.433 0.260

Notes: 1. i/' = 0° corrections

factor only.

are based on LF

LP = 1 + cos^ 2 d

2 cos e sin2 6

2. lA = 60° corrections are based on LP
and absorption. The absorption cor-

rection is proportional to (1 — tan

xP cote).

3. All corrections are normalized to 1.000

at 145° 2 d.

29 \\
and 2e^P are 2dp measurements at i/' =

and 60°, respectively.

When there are steep stress gradients below the

sample surface, the following correction for X-ray

penetration may be applied:

Plots are made of 2^^ and 264^ vs. depth below

the surface. 2d curves of this type can be obtained

by measuring and calculating 2^11 and 264 in in-

crements, removing metal electrolytically after

each measurement. (Electrolytic metal removal

has no significant effect on the calculated 2d or

stress values.) The slope of the curve thus obtained

is measured at several points and the correction

made using the following equation

:

Fix) = fix) - f'{x)/k (6)

where
F(x) represents the true 2 6 vs. depth curve un-

affected by X-ray penetration,

fix) represents the observed 2 6 vs. depth curve,

fix) is the slope of the curve at point x,

k = 4540 in-^ for ^p - 0° and 11,000 in"' for

i/' = 60° if depth is measured in inches.

After determining the depth corrected 26 \\
and

26 i values, stress values may be calculated and a

plot of corrected stress vs. depth made. Equation

(6) can also be used to correct retained austenite

gradient measurements (see section in the En-
cyclopedia on ''Austenite Retained in Hardened
Steels," page 82).

Evaluation of the Modified Method. A brief

evaluation of why this method works as well as it

does is in order. The systematic error factors which

affect residual stress measurements also affect

lattice parameter measurements (see Table 1 in

the section of this Encyclopedia on "Lattice Pa-

rameters III") and these will now be considered.

A precision of 5000 psi stress is equivalent to a

precision of about 0.03° 26 for the C. and R.

method. As has been pointed out in the section on

lattice parameters, the systematic errors are not too
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difficult to evaluate and correct at this level ; how-
ever, counterbalancing this is the great width of
the martensite (211) diffraction line. Since most
systematic error factors are a function of 2e, this

width may cause some difficulty; however, using
the two-exposure method where the angular dif-

ference between corresponding points on the t/'

= and \}y = 60° profiles is relatively small, the
d dependent factors do not vary greatly. In fact
the only ones that vary significantly at the 0.03°

26 level are the absorption, LP, and axial (vertical)
divergence factors.

The absorption and LP factors are treated as
multiphcative corrections to the profile shape. (See
Table 1.) The axial divergence factor is handled
experimentally by translating the sample until

c?ii = d4> for a stress-free sample. Zero setting,

diffractometer radius, misahgnment, sample tem-
perature, refraction, and wavelength effects es-
sentially cancel out as a result of using the
two-exposure method. The sample surface displace-
ment, flat sample, and sample tilt errors are
lumped together and corrected experimentally
along with the axial divergence factor as already
described. Dispersion, while affecting the profile
shape, does not affect the peak position. Thus, the
major factors which affect diffraction profile peak
positions at the 0.03° 2d level are all accounted
for and the necessary corrections are made when
using the modified C. and R. method.
A final word of caution should be given in inter-

preting the physical significance of (211) profiles
corrected only for absorption and LP factors. Such
interpretations have been proposed by Koistinen
and Marburger^° relating microstresses in individ-
ual grains to a double Gaussian distribution, the
sum curve of which corresponds to the (211) dif-
fraction profile plotted in terms of "d" instead of
26. It is unlikely that the (211) profile, corrected
solely for absorption and LP factors, whether
plotted in terms of ''c/" or 26, represents the pure
diffraction profile.

The inherent asymmetric shape due to the un-
resolved components of the (211) profile has
already been pointed out. The profile shape is also
influenced by other factors. For example, the axial
divergence effect, correction for which can be
made empirically when using the two-exposure
method, cannot be handled as simply when analyz-
ing a single profile. Axial divergence profiles at
high 26 angles are quite asymmetricaP' and can
reduce the symmetry of the observed profile ap-
preciably. This is true even if radial divergence is

significantly reduced and additional Soller slit

collimation is used compared to that which is ade-
quate for the modified C. and R. method. Sec-
ondly, Koistinen and Marburger derive their ab-
sorption expression (1 — tan xjy cct 6) based on the
assumption of parallel radiation instead of diver-
gent radiation which is actually used. Again, this
may cause little difficulty when using the two-ex-
posure method; however, it has been clearlv shown
by Taylor and Sinclair'- that the shapes of dif-
fraction proffies differ considerably depending on
whether divergent or parallel radiation is used.

Dispersion also affects the profile shape .'^ Other
potential difficulties can be pointed out, but these
should be sufficient to indicate that extreme care
is required in interpreting the physical signifi-

cance of individual profiles obtained using the
modified C. and R. method.
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SUBGRAIN STRUCTURES AND VOLUMES. See Fatigue in

Metals.

SULFIDE AND SELENIDE PHOSPHORS. See Phosphor Indus-
try.

SULFUR STRUCTURES

The elucidation of tlic structures of some crys-
talline forms of sulfur and the differentiation of
other solid forms has been accomphshed largely
by the use of X-ray diffraction methods although
other techniques have also been used, especially
in studies on liquid sulfur. The emphasis in this
review will be on X-ray diffraction studies since
this is the general area being covered by this En-
cyclopedia. The inference shoukl not be made that
other techniques have been deliberately ignored.
The review covers work done on the better-e.stab-
lished forms of sulfur as well as recent work on
less well-established forms.
Nomenclature. Nomenclature of the various

forms of suh'ur has f)een in a very confused state
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Fig. 1. Structure of rhombic sulfur. Only part of the molecules in the cell are shown the

:" coordinates are given in degrees. [B. E. Warren and J. T. Burwell, J. Chem. Phys., 3, 8

(1935): Fig. 2]

for many years. The 1959 Report of the Commis-

sion on the Nomenclature of Inorganic Chemistry

of the International Union of Pure and Applied

Chemistry^ only lists systematic names for hquid,

but not soUd allotropes of sulfur. The recent sum-

maries by Feher- and Prins^ are timely and do

much to clarify the situation. The suggestions in

these papers will be generally used in this review

wherever possible.

Orthorhombic Sulfur (Sa). The structure of

the orthorhombic form of sulfur was first deter-

mined by Warren and Burwell* in 1935 from rota-

tion and oscillation photographs of single crystals.

The axial lengths given were a = 10.48, b = 12.92,

and c — 24.55A and the space group was given as

Dsh-* — Fddd.* They established that each unit

cell contained 128 sulfur atoms or 16 symmetrical,

puckered Ss rings (Fig. 1). The S-S interatomic

distance was found to be 2.12A and the bond angle

105°.

The structure of orthorhombic sulfur was re-

fined by Ventriglia^ and by Abrahams .° Abrahams

used precession and Weissenberg photographs and

analyzed the data by means of double and triple

Fourier series combined with a least squares

method to determine the refined structure. Fur-

ther refinement of the experimental data was made

bv Dawson^ and Caron and Donohue* and finally

bv Abrahams'' and by Cooper, Bond and Abra-

hams^° in 1961. The refined values for the unit cell

* Notation as recommended in International

Tables for X-ray Crystallography, Vol. I, 1952.

lengths of orthorhombic sulfur are a — 10.4646 ±
0.0001, b = 12.8660 ± 0.0001, and c = 24.4860 ±
0.0003A. The mean S-S interatomic distance is

2.048 ± 0.002A with a bond angle of 107°48' ± 25'.

Debye-Scherrer or powder X-ray diffraction data

for orthorombic sulfur has been given by Koster'^

and Swansen ei al}~

Monoclinic Sulfur (S/3). Orthorhombic sulfur

changes reversibly into the monoclinic crystal form

at a temperature of 95.4°C.

Single needles of monoclinic sulfur were ana-

lyzed bv oscillation and Weissenberg photographs

at a temperature of 103° by BurwelP in 1937. Tlie

lattice constants were found to be a = 10.90, b —

10.96, c = 11.02A and jS = 83°16'. As in orthorhom-

bic sulfur, the monoclinic crystal cell contains Ss

rings, but onlv 6 such rings. The probable space

group is C2h' - P2i/b.

Das'* was unsuccessful in his attempts to obtain

a powder X-ray pattern of monoclinic sulfur and

only obtained lines characteristic of orthorhombic

sulfur. He postulated that the transition from

monoclinic to orthorhombic must have occurred

during the process of powdering and/or the time

of exposure to X-radiation. Powder photographs

were reported to have been made by Miller, Ken-

drick, and Crawford,'' but no data were given.

Pinkus et aW published powder data for mono-

clinic sulfur obtained by X-raying a sample in an

X-ray diffractometer while holding the tempera-

ture of the sample above 95".

Rhonibohedral Sulfur (Sp)'(Se)\ The existence
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(a) (b)

Fig. 2(a). Cell filling projected along the c-axis, showing pseudo-hexagonal close packing,
(b). Cell filling projected along the 6-axis, showing vertical ''penny rolls". [Y. M De Haan
Physica, 24, 855 (1958)]

of a rhombohedral polymorph of sulfur was estab-
lished by EngeP^ in 1891 and confirmed by Aten^*
in 1914. Indeed, this form of sulfur is sometimes
referred to as Engel's sulfur. Rhombohedral sulfur,

like monoclinic sulfur, is unstable at room tem-
perature and changes first into plastic sulfur which
then reorganizes into the orthorhombic form on
standing.

Frondel and Whitfield" obtained rhombohedral
crystals mixed with monoclinic crystals of sulfur
by crystallization from a saturated solution of
sulfur in toluene. By means of Weissenberg photo-
graphs they estabhshed that the rhombohedral
crystals had axial lengths of a = 10.9 and c =
4.26A when calculated in the hexagonal system.
This cell contains 18 atoms of sulfur. Donnay^
showed that the crystals are rhombohedral and
gave the unit cell dimensions of a = 6.45 and a =
115°8' with 6 atoms of sulfur in the rhombohedral
cell. By means of both single-crystal patterns made
b3' rotation and oscillation cameras and b}' pow-
der photographs, Donohue, Caron and Goldislr'
estabhshed the axial lengths on the hexagonal lat-

tice to be a = 10.83, c = 4.26A and the probable
space group as Ca" — P3i . The unit cell contains
6 atoms of sulfur in a So ring. Similar dimensions
and a space group of Csi" — R 3 for a zig zag So

molecule with a molecular symmetry Cat was re-

ported by Strunz and Herda" as based on single-

crystal work.

Gamma-sulfur (S7) (Xacreous sulfur). Single-

cr\'stal diffraction methods were utilized by De
Haan-^ to determine the structure of 7-sulfur. This
form of sulfur was prepared b}' allowing a satu-
rated solution of alcohol, after boiling at 70° for

several hours, to cool slowly. Rotation and Weis-
senberg photographs show that the cr\-stals are
monoclinic with cell dimensions of a = S.57, b =
13.05, c = 8.23A and /3 = 112=54'. There are 32
atoms or 4 Ss rings in the unit cell and the proba-
ble space group is Csh^ — P2/m. The structure
(Fig. 2) can be visuaHzed as sheared penny rolls

arranged hke columns parallel to the c-axis, form-
ing a two-dimensional, pseudohexagonal close
packing. Strunz and Herda" later found the same
space group and reported the cell dimensions of
a = 8.27, b = 13.16, c = 8.50A and /3 = 112M3V2'.
Liquid Sulfur.* The first extensive X-ray dif-

fraction study of hquid sulfur was by Blatchford**
over the temperature range 130° to 260°. Bragg
spacings ranging from 3.68A at 130° to 4.06A at
260° were calculated. The diffraction pattern at the
lower temperatures showed a similarity to the pat-
tern of sohd sulfur suggesting the preservation of
some degree of structure in liquid sulfur. The re-

sults indicated diffraction by an unstable grouping
of sulfur atoms. This grouping became less pro-
nounced with increase in temperature and changed
in form gradually up to 220° at which temperature
there was a discontinuity. This change at 220° was
postulated to correspond to the change from S\ to
Sfi. The fact that the transition occurred at 220°

instead of near 160° (the expected transition tem-
perature) was explained by the action of X-rays in

the reversible reaction S\ ^ Sm which favored the
formation of S\. Prins,"^ howe^-er. found no ap-
preciable change in spacing from 140° to 350°
reporting a A'alue of 3.43A. Prins and Poulis-"* re-

ported in addition a new weaker diffraction ring
with a Bragg spacing of 5.6A which also did not
change with temperature up to 230°. Das"-' ob-
tained a value of 3.76A at 128° for the spacing of
liquid suh'ur and a value"* of 3.68A for supercooled
sulfur at 27°. Gingriclr^ redetermined the diffrac-

tion pattern of liquid sulfur between 127 and 340°.

Although an abrui^t change with temperature was
found for the spacing of the main peak, the change
occurred between 157 and 166° rather than the
temperature noted by Blatchford. From the in-

* The trivial name for Ss molecules in the hquid
state is \-sulfur and for long chain polymers, fi-

sulfur. The corresponding lUC systematic names
are cyclooctasulfur or octasulfur for the former
and catenapolysulfur or polysuhur for the latter.



SULFUR STRUCTURES 1036

tensity curves, Gingrich obtained the atomic dis-

tribution of sulfur at the various temperatures. For

liquid sulfur at all temperatures the nearest

neighbors were found at 2.07A, the number of

nearest neighbors being about 1.7.

In a later paper, Prins'° reinvestigated the liquid

diffraction pattern in order to resolve the dis-

crepancies among various workers. Bragg spacings

at 5.5, 3.6, 1.72 and 1.03A were found. Although the

positions were nearly independent of temperature,

the intensity of the 5.5A maximum was enhanced

with increasing temperature and began to coalesce

with the one at 3.6A at 200°. This effect was stated

to account for the apparent shift reported by

Blatchford and Gingrich. In a more recent study,

Tompson and Gingrich'^' using an improved tech-

nique and monochromatic Mo and AgKa radia-

tion, essentially confirmed these results of Prins.

In addition, results on supercooled liquid sulfur

at 80° were reported as well as more reliable

atomic distribution curves which showed that near-

est neighbor distances and number remained con-

stant at 2.07A and 2 atoms respectively. A second

concentration of between 3 and 4 atoms at a

distance of from 3.46A for 80° to 3.34A for 300° was

also found. Both the area and location of the lat-

ter peak depended somewhat on the temperature

with most of the temperature effects taking place

in the region of 165°. This seemed to be evidence

for molecular changes taking place at this tem-

perature, notably the breaking of Ss rings and

formation of long sulfur chains, which gives rise

to the extremely high viscosity observed. With the

exception of those atoms terminating the chain,

each atom still has two nearest neighbors as in

the ring form and, therefore, any temperature ef-

fect on the first peak would be small. The peaks

at about 3.4 and at 4.5A would be expected to

show marked temperature effects in the region of

165° and above since the long, twisted chains

would not have the fixed second and third nearest

neighbors such as are present in the closed ring.

Plastic and Fibrous Sulfur. The first to recog-

nize the crystallinity of fibrous sulfur prepared by

stretching plastic sulfur were Trillat and Forestier^'

who determined the period of identity in the axis

Fl B ROUS SULFUR

9.2

of the fiber to be 9.3A. Das'"' '' later reported this

spacing to be 9.15A. Meyer and Go^ made the

first extensive X-ray diffraction study of this form

of sulfur. The unit cell with 112 atoms had the

cell dimensions, a = 26.4, h = 9.26, c = 12.32A, ^ =
79° 15' and monoclinic symmetry in the space

group Coh'. These observations were taken to be

fn accord with the postulate of a primary chain of

sulfur atoms arranged parallel to the fiber axis.

Based on the data of Meyer and Go, Pauling'*

suggested a two-turn, seven atom spiral, having a

pitch of 31/2 as the repeating unit. Prins et aL'"'
''

showed that the X-ray diagram of Meyer and Go
was a superposition of two modifications of sulfur,

one soluble and the other insoluble in carbon di-

sulfide. The soluble component was found identical

with the 7-sulfur of Muthmann.^"' The fibrous con-

stitutent (^-sulfur) was deduced to consist of

stretched helical micelles with a period of 10 sulfur

atoms in three turns (Fig. 3) on a cylinder of 0.92

A

radius, the length of a period being 13.7A. The

helices were found to be close-packed in a pseudo-

hexagonal lattice with side length a = b = 4.7A

with the basal plane slightly inclined, the valence

distance 2.04A, the valence angle 107°, and the

dihedral angle occurring between four consecutive

atoms, 87°. It was presumed that in the process of

drawing the fiber the long hehces join up to

micelles, the rings between them acting as "plasti-

cizer" and getting ordered by their contact with

the micels (Fig. 3). This nucleation then leads to

the orientated 7-crystallization observed. Ripa-

monti and Vacca^ and Liquori and Ripamonti^'

essentially confirmed the results of Prins, Schenk

and Hospel, but reported that Fourier transform

methods showed that the configuration can be in-

terpreted only to a first approximation on the

basis of an ideal helical configuration with ten

atoms in three turns.

Plastic sulfur prepared by sudden coohng of

liquid sulfur at high temperatures has also been

studied by X-ray diffraction. Das'' obtained only

a single diffuse band with a Bragg spacing of 3.5

A

for freshly prepared samples. He showed that

plastic sulfur is partially transformed into ortho-

rhombic sulfur in four hours. In connection with

13.7

X "^ ^
-xy

Fig 3 Structure and epitaxis in fibrous sulfur. Schematic figure compressed vertically to

save space. Dimensions in A. [J. A. Prins, J. Schenk, and L. H. J. Wachters, Physica, 23, 747

(1957): Fig. 1]
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his studies on liquid sulfur, Gingrich"^ found a

value of 2.08A for nearest neighbors and 2.0 near-

est neighbors for plastic sulfur. A later paper'*^ re-

ports more accurate results at 4° together with the

atomic distribution curve.

Carbon Disulfide Insoluble Sulfurs. The lit-

erature on carbon disulfide insoluble forms of sul-

fur is very confusing and quite controversial even

to the present time. One of the main sources of

difficulty is that sulfur in these forms is obtainable

in finely divided form and no single-crystal work
has been done. For some time, various authors

have generally referred to all of the insoluble

forms of sulfur as At-sulfur; however, this term
has also been applied specifically to the long-chain

molecules present in molten sulfur. X-ray diffrac-

tion techniques have served to differentiate sev-

eral different forms.

White Sulfur (Sw). White sulfur can be pre-

pared by hydrolyzing sulfur monochloride (S2CI2),

extracting chilled Hquid sulfur with carbon disul-

fide, condensing sulfur vapor on a cold surface,^"

from the reaction of sulfur dioxide and hydrogen
sulfide near 0°", and by the breakdown of un-
stable rhombohedral sulfur."- " It was regarded
as being amorphous prior to the investigations of

Das"^ who showed that the diffraction pattern was
distinctly different from that of orthorhombic sul-

fur. On heating, white sulfur is converted to

orthorhombic sulfur, the rate of transformation
increasing with temperature. The material from
sulfur monochloride is more stable than that pre-

pared by the other methods.
Das reported" that he was able to index the

powder pattern for a hexagonal structure with a —
8.24 and c = 9.15A. The specific gravity of 1.834

corresponded to the presence of approximately 18

sulfur atoms in the unit cell. Erametsa and
Suonuuti,*- making use of Das' values, published
the indexed 8-line pattern for w-sulfur obtained
by Das' method of hydrolyzing sulfur monochlo-
ride. Das"' and Das and Ghosh*° postulated that
the insolubility of white sulfur (and other insolu-

ble forms of sulfur) was due to the presence of a
shielding layer of sulfur dioxide on the surface of

the crystals which prevented contact with the
solvent. However, they could not explain why the
diffraction pattern for white sulfur was never ob-
tained from any soluble modification of sulfur.

Donohue and Caron*^ have recently suggested
that there may be present in the insoluble sulfur
on the order of 1 per cent of high polymeric ma-
terial which might form a protective layer similar
to that suggested by Das.

Prins, Schenk and Wachters,^'' however, showed
that the diffraction pattern of Sw (supersubhma-
tion sulfur; trade name, ''Cry^stex") was similar
to that of powdered fibrous sulfur (SV^) and con-
cluded that both forms of sulfur were helical al-

though the arrangement in the two cases was
shghtly different.

ji-Sulfur. Schenk" reported an X-ray diffraction

diagram for the carbon disulfide insoluble portion
of sulfur (which he called /^-sulfur) obtained by
chilling sulfur melts. This diagram differed from
that of w-sulfur. Erametsa and Suonuuti*^ obtained
the same diffraction pattern for material obtained

by irradiating a carbon disulfide solution of sulfur

with sunlight.

Carbon Disulfide—Insoluble Sulfurs With
X-ray Diffraction Pattern Similar to Ortho-
rhombic Sulfur. Das"^ showed that "milk of sul-

fur" prepared by acidifying a solution of calcium
polysulfide and ''colloidal sulfur" prepared by
passing hydrogen sulfide through an aqueous solu-

tion of sulfur dioxide at room temperature or

above" possessed diffraction patterns similar to

orthorhombic sulfur and thus were not amorphous
as had formerly been believed. Both forms were
insoluble in carbon disulfide. Das and Ghosh*° also

found that if w-sulfur was allowed to stand at

room temperature for a long time, it showed the
orthorhombic diffraction pattern even though the
sample remained insoluble in carbon disulfide. In-
solubility of these forms was also postulated to be
due to the presence of a shielding layer of sulfur

dioxide on the surface of the crystals similar to

white sulfur (Sw).

More recently, it was reported*" that carbon
disulfide insoluble sulfur obtained from a slowly
cooled melt of sulfur purified according to the
Bacon and Fanelli procedure**' also possessed a
diffraction pattern similar to, but not exactly the
same as that of pure orthorhombic sulfur. It was
postulated" that the insoluble sulfur possessed a
helical structure similar to the 8-membered ring

arrangement of orthorhombic sulfur.* Donohue
and Caron*'^ criticized this hypothesis on the basis

of an erroneously reported news item and diagram,
besides other considerations. Further work will be
necessary to clarify this controversial issue.

v-Sulfur, Erametsa** reported the isolation of a
new form of insoluble sulfur from the reaction of

sulfur monochloride and ammonium polysulfide.

The diffraction pattern differed from that of the

other forms of sulfur. Although he used the symbol
V for this form of sulfur, it should be pointed out
that this symbol had previously been used^ for

plastic sulfur obtained by chilling larger quantities

of viscous sulfur.
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SUPERSTRUCTURES; X-RAY EVIDENCE

When two or more different types of atoms

form a crystal structure the possibility exists that

either the atoms can be arranged randomly among
the lattice points or a certain degree of order can

•• Au

O Cu

Fig. 1. Atomic arrangements
cubic unit cells of CusAu alloy

:

(a) Disordered.
(b) Ordered.

in face-centered

occur. As an example, consider the classic case of

an alloy of copper and gold with atomic ratio

described by CusAu. In Fig. 1 are the two ex-

treme arrangements of the atoms among the face-

centered cubic array of lattice points. The dis-

ordered state in (a) is truly a statistically face-

centered cubic structure, while in (b) we haye an

ordered array on a face-centered lattice.

The difference between the ordered and dis-

ordered state can be determined with X-rays by

measuring the intensities of Bragg reflections. That

the two structures should produce different in-

tensities can be seen qualitatively in Fig. 2. The
figure describes Bragg's law being satisfied for the

(100) planes of the CusAu crystal of Fig. 1, i.e.,

\ = 2(i(ioo) sin d. It follows therefore that the re-

flections from planes spaced dmo) such as A and C
will differ by a full wavelength and consequently

be in phase. For instance, ray paths 1 and 3 differ

in length by ah = 2dam sin d = \. For this par-

ticular structure, however, there exists a plane of

atoms, B, halfway between A and C which will

have in the disordered state, the same composition

as A and C. It is easy to see from the illustration

that the ray path 2 is exactly half a wavelength

different from 1 and is thus out of phase and will

cancel the beam reflected from A. Since every

pair of planes spaced V2 daooy will cancel one

another's reflections, there will be no (100) re-

flection for the disordered alloy. If the alloy is

ordered as in Fig. lb, planes A and C will be half

copper-half gold, while B will be all copper. Now
the phase cancellation between A and B will not

be complete because the reflected beams (1) and

(2) will not be of equal intensity even though
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they are still out of phase. This reflection is called

a superlattice line and will only occur if the lat-

tice is ordered. If the order is not complete, and
A and C contain more copper than gold, but less

than the random ratio, the (100) superlattice line

will be weaker, and approach zero as the crystal

approaches complete disorder.

Thus, the presence of a superstructure line indi-

cates the presence of order and the intensity of the

line is a quantitative measure of the degree of

order. If Bragg's law is satisfied for the (200) in-

terplanar spacing (planes AB or BC in Fig. 2) all

atoms of the crystal scatter in phase, and the in-

tensity is independent of degree of order. Reflec-

tions of this type are called fundamental, and for

the case we are considering, all allowed reflections

of a face-centered crystal lattice will be in this

class. Since the intensity of a fundamental line is

independent of order, a convenient method of

measuring order is to compare the intensity of

fundamental with superstructure lines.

The intensity of a Bragg reflection is propor-
tional to the square of the structure factor.* For
a CusAu lattice, the fundamental structure factor

is 3/cu + /au , while for the superstructure line it

it S(fAn — /cu) where S is the Bragg and Wilhams
long-range order parameter. S — for complete
disorder and is unity for perfect long-range order.

If the wrongly occupied sites are distributed ran-
domly in the crystal, S has a physical interpreta-

tion given by

Tau WCu

where Tau is the number of gold sites (cube cor-
ners—Fig. lb) correctly occupied and wcu — the
number of copper sites (face positions) wrongly
occupied.

In more complicated types of ordering the sym-
metry of the ordered phase may be different from
that in the disordered state. For instance in one
of the ordered states of the alloy CuAu the struc-
ture is tetragonal with the (002) planes alternately
copper and gold. In this case a measure of the
degree of order can be obtained from the value of
the c/a ratio as well as the relative intensities of
the fundamental and superstructure lines. It is

usually the case that upon ordering, even without
a change in basic structure, the lattice parameter
will decrease slightly. These changes are usually
too small to use as a quantitative measure of
ordering. In one ordered form of CuAu the unit
cell contains the equivalent of 10 cells of the disor-
dered state. The ordered state is basically another
structure with a much larger lattice param-
eter and will give rise to many additional reflec-

tions.

In the early stages of ordering where the ordered
nuclei are not very large, the superstructure lines

will be low in intensity and broader than the
fundamental reflections. The broadness is due to
small crystallite or particle size broadening.! Since
only the superstructure lines are sensitive to the

* See ''Crystal Structure Synthesis," p. 181.
i Refer to ''Crystallite Size Analysis bv X-rav

Diffraction Line-Broadening," p. 184.

Fig. 2. Derivation of Bragg Law rfK = 2d sin e,

to show diffraction intensity differences for atomic
arrangements in la and lb, and origin of super-
lattice lines.

ordered nuclei, they will see the small particle

size, but since all atoms scatter in phase for the
fundamental reflections, their broadening will be
small if the crystallites are large. In the face-cen-
tered ordered structures, ordering can start from
four different types of sites giving rise to antiphase
domains^ which can meet in relatively stable
boundaries. In this case the superstructure hues
can have the intensity to be expected from a
fully ordered lattice but will be broader than the
fundamentals.
In general. X-ray evidence for ordering is usu-

ally obtained through the appearance of new X-ray
lines. In some cases, information as to the state of

order can be obtained from small changes in the
fundamental reflections such as the c/a ratio if

the ordered phase is tetragonal. The relative sharp-
ness of fundamentals and superstructure lines can
give information related to the shape and size of

the ordered regions.
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SYNCHROTRON

The synchrotron is an electromagnetic device
used to accelerate charged particles to high en-
ergy. Special considerations extending the original

concepts have made possible the proton synchro-
tron, for example, the Cosmotron at Brookhaven
or the Bevatron at Berkeley. However, the more
ordinary synchrotrons accelerate electrons, and
this discussion will be confined to these.

The electron synchrotron is very similar to the
betatron (cf. "Betatron") and may be considered
as being derived from it. The basic design of the
magnetic structure differs only in that the central
iron—called the wafer in a betatron but now the

t See antiphase domains, p. 48.
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flux bar in a synchrotron—is permitted to saturate

magnetically, and at relatively low values of the

magnetic field at the equilibrium orbit radius. Each

synchrotron operates as a betatron from the mo-

ment of injection to the onset of flux-bar satu-

ration. When the flux bar is saturated it is no

longer possible to fulfill the flux condition; this

is equivalent to saying that the energy gained by

the electron (volts per turn) is inadequate to

keep in step with the rise in the magnetic field.

These electrons would soon intersect the inner

wall of the "donut" unless an additional source

of energy were provided.

By design, flux-bar saturation is delayed until

the circulating electrons have acquired from beta-

tron action an energy of 1 or 2 mev. At such

energy, electrons have a velocity within a few

per cent of the velocity of light. Consequently,

very substantial further increases in energy will

not cause a remarkable change in velocity; the

transit, or circulation time, becomes nearly con-

stant. This situation led to a practical method for

supplying additional energy (volts per turn) to the

electrons, the so-called synchrotron action.
^

A pair of ring-shaped electrodes were incorpo-

rated into a donut and supplied with power at a

frequency to match the circulation frequency of

the electrons. For technical reasons it is convenient

to use a fixed frequency—165 megacycles per sec-

ond for a 70-mev synchrotron—and to require a

small change in the radius of curvature of the

circulating electrons as their velocity approaches

more closely the velocity of light. The power sup-

plied is effective as a potential difference between

the electrodes, and each electron is expected to

acquire just the energy gain per transit to keep in

step with the increasing magnetic field. This re-

quires a reasonably well-defined phase relation-

ship between the circulating electrons and the

ultrahigh frequency voltage wave.

Except for statistical fluctuations, the electrons

accelerated by the betatron action are uniformly

distributed around the circumference and pass the

gap during the descending portion of the ultrahigh

frequency wave. If a given electron in the clump

passes through the gap when the voltage gain

just meets the requirement to stay at the existing

mean radius in spite of the increasing magnetic

field, this electron will then arrive at the gap on

the next revolution at the precise instant neces-

sary to receive again the voltage gain required by

the field increase. If, for any reason, this electron

had received too large a voltage gain to match

the field increase, its mean radius would have

been increased so that it would have taken longer

to execute one revolution and it would therefore

receive a smaller voltage gain than on the previous

revolution, and so on until it is again in step. A
similar argument holds for the case of too small

voltage increase on a particular revolution. The
analytic unfolding of this action and the immedi-

ate consequences thereof describe completely this

phenomenon of phase focusing.

For a successful betatron, it is necessary to re-

quire focusing forces derived from the magnetic

field distribution to constrain the circulating elec-

trons to the neighborhood of the equilibrium orbit,

and to estabhsh the flux condition as a prerequisite

for an equilibrium orbit radius. For a synchrotron,

the magnetic focusing forces are still necessary;

the equilibrium orbit radius is established by the

flux condition during the betatron portion and

by the fixed frequency for the relativistic electrons

during the synchrotron portion. In addition, the

phenomenon known as phase focusing operates

during the synchrotron portion to keep the elec-

trons in step with the voltage variations at the

ultrahigh frequency electrodes as the magnet field

rises.

The sequence of events in a synchrotron is as

follows: On the rising portion of the 60 cps mag-

netic wave, electrons are injected about 20 ^usec.

after the moment of zero magnetic field ; accelera-

tion by synchrotron action progresses until the

magnetic wave is approaching its maximum value,

at which time the ultrahigh-frequency power is

switched off. There being no further energy-supply

mechanism, the radius of curvature of the circu-

lating electrons decreases as the magnetic field in-

creases to its maximum, ultimately intersecting an

X-ray target which protrudes from the inner wall

of the donut.

The incidence of these accelerated electrons on

the target results in the production of bremsstrah-

lung. The radiation distribution in time is confined

to pulses which have a time width of perhaps 150

/xsec. and which recur at power-line frequency. It

is interesting to note the effect of energy on the

efficiency of X-ray production. For conventional

X-ray voltages, the efficiency of converting power

in the electron beam into X-radiation is less than

1 per cent, so target heating constitutes a practical

limitation on operations. At 70 mev, the conver-

sion efficiency is about 85 per cent, and target

heating is not a matter of consequence.

The considerations discussed under "Betatron"

relating to beam shape and its compensation by
differential attenuation also apply here. Synchro-

trons are being used in medicine for cancer therapy

and in basic research to investigate the physics of

nuclei and of single-particle phenomena.
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TEACHING X-RAY SPECTROSCOPY

It has become increasingly apparent that one of

the most important devices for instrumental chem-
ical analysis is the X-ray emission spectrometer.
It should now be considered to share in importance
in the teaching laboratory with infrared and ultra-

violet spectrophotometers, the optical emission
spectrograph, the polarograph, chromatograph and
nuclear paramagnetic resonance instrumentation.
Indeed, present commercial usage (over and above
research and university laboratories) of the X-ray
emission spectrometer has grown to the point that
the shortage of trained scientists and technicians in

this specialty, both previously trained and those
currently in training, presents a serious problem
to industry.

For fifty years or more X-ray diffraction tech-
niques have been taught (and considerable re-

search undertaken) at many university labora-
tories in various departments : geology, metallurgy,
ceramics, agronomy and soil sciences, chemistry,
physics, mineralogy, etc. Only in the last decade
or so, however, has any great importance been
ascribed to X-ray emission techniques. This im-
portance is primarily from a research aspect, how-
ever, rather than a formal classroom approach.
Even though X-ray emission, hke diffraction, tran-

scends departmental boundary lines, it appears
that the main approach to the teaching of this

vital analytical technique should be the prime
responsibihty of the university's Chemistry De-
partment. The responsibihty seems clear-cut when
X-ray emission is simply described as another form
of instrumental chemical analysis, and the ap-
proach to teaching the techniques involved is in

many respects similar to what has been used for

many years for other instrumental methods. The
stumbling block may have been, and may con-
tinue to be, the relative high cost of X-ray in-

strumentation. There are a number of commer-
cial instruments available on the market today,
and the cost of these is in the range of twenty to
thirty thousand dollars, depending, of course,
on the number and variety of accessory items
ordered. What does seem surprising, however, is

that although many laboratories already have
diffractometer systems, the ability to convert from
diffraction to emission for a modest expenditure
for the proper accessories has been somewhat
overlooked. The laboratories that have done this

have done so primarily for research and not for
teaching purposes.

It is certainly unnecessary to review the theory
of X-ray emission or the principles of operation of

a particular type of spectrometer. It seems suffi-

cient just to reflect that X-ray emission tech-
niques for elemental analysis have been demon-
strated for nearly every element in the periodic
chart from magnesium to uranium on a ''dry"

basis, to replace the "wet" gravimetric and volu-
metric routine analysis. This does not mean that
one will ever replace classical methods of analyti-

cal chemistry. On the contrary, it gives impetus to

classical research towards improving wet methods
to provide better instrumental calibration data.

In the past few years, hundreds of papers on
X-ray emission analytical procedures and two
worthwhile texts have appeared in the hterature.

Application has become so diversified as to know
practically no limitations as to type of analysis.

Trace analysis is becoming increasingly important
by X-ray emission, with some laboratories report-

ing less than one part per million concentration
routinely detected and analyzed quantitatively.

X-ray emission instrumentation for the past sev-

eral years has found its way into routine industrial

chemical laboratories as a substitute for routine

wet analytical methods for process control. With
the speed of X-ray analysis, analytical data ceases

to be historical data on a product, but data with
which a process can be controlled. (At present,

however, the author is personally dubious of so-

called on-line control only from a standpoint of

cost and difficulty encountered with instrument
down time. It is felt by him that laboratory ana-
lyzers, either singly or in groups, can handle any
process analytical problems more than adequately
at considerably less cost and a higher degree of re-

liability.) More and more X-ray analyses are be-
coming the responsibility of industry's chief chem-
ist, who, with training himself in the X-ray
spectrometer operation, eventually finds himself in

the role of the teacher who trains technicians to do
routine X-ray analysis. Fortunately, the chief

chemist has had, in most instances, previous experi-

ence with instrumental chemistrj^, either during his

university training or in his own laboratory. He has
generally developed a feeling for instrmental analy-
sis, in that all instruments yield useful results only
when successfully cahbrated. A further appreciation
for the fact that instrumentation yields a high de-
gree of precision with speed unobtainable by wet
methods is the chemist's prime motivation in se-

lecting X-ray emission as an analytical procedure.
The author of this article is not a professional

educator, but several years experience in the X-ray
field, coupled with formal training as an instru-

mental chemist, as well as having taught analytical

chemistry for a number of 3'ears, provides him with
the opportunity to propose what he considers to

be a course outline that would adequately serve to

prepare the graduate analytical chemist to assume
a highly useful role in an industry using the X-ray
spectrometer. The premise on which the outline is

based is that the student has had no prior exposure
to course work in X-raj^s.

It is comprised of a series of 10 lectures: (50

minutes each)
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I and II Fundamental X-ray Physics

III The Origin of the Spectra

IV and V Instrumentation and Measurements

VI Specimen Preparation

VII Qualitative Interpretation; Selection

of Crystals

VIII Quantitative Measurements

IX Interelement Effects

X Precision vs. Accuracy; Problems of

Day-to-Day Analysis on a Routine

Basis

The laboratory work in conjunction with the

lectures should begin after lecture VI, and be com-

prised of 5 three-hour sessions

:

I. Familiarization with instrumentation.

Choice of variables for analysis: X-ray tube

target, slits, crystals, counter tubes,

exclusion of air.

II. Plotting a counter tube plateau; Operation

of the pulse height analyzer.

Familiarization with existing wavelength

tables. Qualitative scan and identification

of a solid specimen (no specimen prepara-

tion required). Qualitative analysis of an

unknown.
III. Preparation of powdered samples. Prepara-

tion of a series of standards. Preparation of

a working curve from standards. Quantita-

tive analysis of an unknown.

IV. Referral of unknown to same working curve

at a later date. Problems of day-to-day

analysis.

V. Demonstration of interelement effects.

Special problems.

In this way, with ten lectures and five laboratory

sessions, the work could be incorporated into an

instrumental chemistry course of a 20-week se-

mester duration. It is also suggested that current

literature be reviewed in a seminar plan in order

to make students aware of current problems and

solutions to problems in the emission field. This

then serves as one approach to teaching X-ray

emission in the university laboratory to train

chemists to keep abreast of the ever-increasing use

of X-rav emission in industry.

William F. Loranger

TECHNIQUES FOR THE INVESTIGATION OF INDUSTRIAL

MATERIALS, INTERRELATION OF

The various X-ray techniques described in the

Encyclopedia can be used separately or in conjunc-

tion with each other for research or control in re-

lation to a very wide variety of industrial mate-

rials. Many such materials are polycrystalline and

are in lump or powder form. Not infrequently the

best results are obtained when a combination of

techniques is employed, including particularly op-

tical microscopy. The diagram (Fig. 1) is intended

to show how the several techniques can be used to

build up a reasonably complete understanding of

the constitution and texture of materials. The

scheme is particularly apphcable to metallurgical

and mineralogical materials but also has a general

interest. Special X-ray techniques which give in-

formation about preferred orientation have been

omitted in the interests of simplicity. Techniques

for the identification of single crystals by X-ray

diffraction are available and may be used as al-

ternatives to or in conjunction with the older op-

tical microscopic techniques. Alternatively, the use

of crvstallographic measurements and the Barker

Index provide another approach. In some cases

(lectron microscopy or diffraction may be used.

The diagram indicates that for solid materials

there are three forms in which the specimen may

be made available. The powder can be analyzed

by chemical or spectrographic methods including

X-rav fluorescence (cf. p. 392). Powder diffraction

or diffraction from the solid can give identification

of phases or constituents (cf. pp. 242-7). Other

techniques give information about grain shape

texture and segregation. Microradiography or X-

ray microscopy, for example, can give such infor-

mation, and also provide general confirmation of

phase identity (cf. especially Microradiography

:

Iron and Steel Applications, by the same author).

It is possible to use the same thin section for ex-

amination by several of the methods in turn. An-

other possibility is the use of a microbeam (cf.

Microdiijraction), or "semimicrobeam" X-ray dif-

fraction'method to identify a particular phase m a

selected region of a microsection which can be in-

dicated if necessary by reference to fiducial marks

on the specimen.

TECHNIQUE

INVESTIGATION

CHEMICAL AND /OR

SPECTROGRAPHIC
ANALYSIS

I

—

—

\r
iMi^UNTS IDENTITY

OF ATOMS (OXIDES)

IN SAMPLE

POLISHED
LUMP

SURFACE

-RAY OR ELECTRON REFLECTIOI
DIFFRACTION MlCROCOP~
ON SOLID (OPTICAL OR ELECTRON
SAMPLE

CRYSTAL STRUCTURE

MICRO SEGREGATION

BETWEEN GRAINS

THIN SECTION
MICROSCOPY
PTICAL OR ELECTRON!

GRAIN SHAPE
TEXTURE AND
DISTRIBUTION

SIZE OF SUB-
GRAIN UNITS

(CRYSTALLITES)

Fig. 1. Interrelation of X-ray and other techniques for the investigation of polycrystalline

materials.
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The technique of microbeam analj^sis (not to be
confused with microbeam diffraction) is compara-
tively new and has a special place in such a scheme
because it gives a qualitative or quantitative analj--

sis of the elements in a small region. It can be used
to determine or confirm the identitj^ of phases and
to indicate microsegregation. The analysis is pro-

vided by the X-ray spectra excited by a finely fo-

cused electron beam (cf. several articles on Probe,
Electron).

K. W. Andrews

TEETH: EFFECTS OF IONIZING RADIATION

Radiation effects upon teeth have been observed
in mice, rats, guinea pigs, rabbits, hamsters, cats,

dogs, swine, monkeys and man. Where sufficient

data are available to form a judgment, it appears
that the patterns of alteration are similar among
species. The effects are dependent upon the ex-
posure factors and the stage of tooth development
at the time of irradiation. If the dose is massive,
the effects may also involve damage to the tooth
supportive structures. The importance to tooth
damage of extraodontal radiation effects has not
been established; exposure of the teeth without
simultaneous irradiation of some potentially rele-

vant tissue or tissues, such as salivary glands, the
pituitary, or supportive structures, has not been
made successfully. On the other hand, radiation
injury to dentition is an important comphcation in

radiotherapy of oral and facial tumors since tooth
damage offers a route of infection which may lead
to mandibular or maxillary osteonecrosis.

The most radiosensitive period of tooth life is

that of development during early hfe. Here the
effects are most dramatic. Radiation alters or de-
stroys those odontogenic cells which are actively
prohferating and differentiating at the time of ex-
posure. If irradiation occurs before the formation
of hard tissues, it may destroy the tooth bud. Ra-
diation at a later stage in development may alter

differentiation or arrest further growth. The se-

verity of the effect is dependent upon the radiation
dose. A complete miniature tooth may be the end
product if the growth of all tissues is arrested pro-
portionately. If the initial layers of the crown are
formed prior to exposure then only root growth
may be retarded or inhibited. Reduction of the
crown with normal root development has not been
described.

In the growing tooth, radiation damage to odon-
togenic cells can be observed macroscopically be-
cause the deposition of dentin and enamel is a
relatively permanent record of the activity of these
cells. If the damage is mild, there is a transient
delay in grow with active regeneration so that only
a scar is detectable in the hard tissues. If the dam-
age is severe, there is a marked change in the sub-
sequent development of hard tissues leading to a
reduction in size, density and shape.
In mature teeth, the radiation dose observed to

produce an effect is very high. A pattern of de-
struction has been observed during intensive radio-

therapy of tumors involving oral or facial tissues.

There is a discoloration of teeth and the formation
of superficial caries about the neck of the tooth.
The crown of the tooth may break off if the lesion
is severe. If the crown does not break off, infectious
caries may occur as a secondary effect. The entire
process is associated clinically with phases of hy-
persensitivity to oral stimuH. The doses required
to affect mature teeth are sufficiently large that
supportive tissues are also likely to be damaged;
as a consequence, the tooth may become loosened
and lost, or it may become ankylosed to regener-
ated bone tissues.

Most of our information regarding the cellular

pattern of injury and regeneration in dental tis-

sues has been obtained through studies of the con-
tinually growing incisor teeth of rodents. The
odontoblastic (dentin-producing) and ameloblastic
(enamel-producing) cell layers undergo continuous
prohferation and differentiation to form mature
secretory cells from mesenchymal and epithelial
germ cells located in the pulp. The use of contin-
ually growing incisor teeth provides an opportunity
to study histological effects simultaneously at sev-
eral stages of a normally dynamic process.

The first stage of injury is detectable within
hours after exposure in the form of nuclear frag-

mentation of precursor cells within the pulp where
odontoblasts and ameloblasts are formed. The im-
mature odontoblasts which were in the process of
differentiation at the time of exposure also ex-
hibit destructive changes or complete necrosis
depending on dose. As a consequence, the odonto-
blastic layer is disorganized in the region of the in-

jured immature odontoblasts. The destruction and
disorganization of differentiating odontoblasts leads
to a suspension of normal dentin formation and re-

sults in a characteristic niche in the dentin layer.

Some surviving immature odontoblasts may dif-

ferentiate further to initiate the formation of an
amorphous substance, osteodentin, rather than or-
ganized dentin. Mature odontoblasts, which were
producing dentin prior to exposure, are not se-

verely affected except at very high radiation doses.
Changes in the morphology of differentiating

ameloblasts are more difficult to discern at dose
levels which alter differentiating odontoblasts.
With somewhat higher doses (1500 r or more) se-
vere necrosis and edema of pulp tissue can result
secondarily in partial or complete atrophy of the
enamel epithelial proliferative tissue, depending on
dose. Ameloblasts differentiating at the time of ex-
posure do not produce enamel afterwards. Amelo-
blasts which were producing matrix at exposure
show some post irradiation matrix formation but
finally cease. Only the oldest ameloblasts continue
to form matrix of normal thickness. In a tooth still

capable of regeneration, the result of ameloblastic
inhibition is a region of enamel hypoplasia (enamel
niche).

Regeneration is initiated by viable remnants of

odontogenic epithelium persisting after exposure.
Proliferation of the epithelium is accompanied by
a condensation of adjacent mesenchymal cells, and
the two cell lines subsequently differentiate into

ameloblasts and odontoblasts, respectively. Regen-
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erative processes may be apparent within a week

after exposure. Doses of 500 to 2000 r may result

in the production of a wavy dentino-enamel junc-

tion during the regenerative phase because of the

differential rates of recovery of odontoblastic and

ameloblastic layers.

Obviously, the severity of the destructive phase

is related to the size of the exposure dose. Damage

from a mild exposure may be repaired by regener-

ative processes so that only a temporary retarda-

tion in growth is apparent. Massive exposures may
result in irreparable damage, i.e., permanently ar-

rested growth or tooth loss.

The conditions of exposure utilized in experi-

mental studies have been so variable with respect

to beam energy, filtration, exposure fields, dose

rate, and frequency of exposure, that assessment of

radiosensitivity of teeth with respect to dose is

very difficult. Cytological damage to the odonto-

blast precursor cells of the basal pulp tissue has

been observed at doses below 100 r of hard X-rays

in a study of the rat incisor. Incisal lesions are

visible in adult rats after an exposure to 450 r.

This is the lowest dose for which a macroscopic

dental defect has been reported. The relative ra-

diosensitivity of the two major dental tissues has

not been resolved. Most investigators will agree

that odontogenic cells in the preformative and dif-

ferentiation phase are more radiosensitive than

cells in the secretory or mature stage. Once odon-

toblasts and ameloblasts have assumed a matrix

secretion function, it is difficult to detect signs of

radiation injury. Mature odontoblasts are not af-

fected by exposure doses of 4,200 r in guinea pigs,

6,900 r in dogs, or 1,500 r in rats. These findings

suggest that mature odontoblasts may be classi-

fied among the most radioresistant of mammalian

cells. Developing odontoblasts are generally con-

sidered to be more radiosensitive than ameloblasts

of a similar stage; however, some investigators

have recently contested the vahdity of this propo-

sition. They suggest that the disorganization of

odontoblasts may actually stem from a functional

alteration in irradiated odontogenic epithelium.

That is, the differentiating ameloblasts may be in-

jured sufficiently so that they no longer have an

adequate inductive action upon adjacent mesen-

chymal cells to differentiate into odontoblasts.

Therefore, even if odontoblasts were not affected

directly, they may be altered indirectly since their

development depends upon the organizing in-

fluence of the ameloblasts.

In terms of radiobiological 7nechanisms it ap-

pears that direct radiation injury to teeth consists

primarily of an interference with mitosis of pro-

liferative tissue and the impairment of metabolic

processes in differentiating cells. Mature cells are

relatively insensitive to radiation injury. The ac-

tion of radiation upon the environment of the teeth

in terms of altered saliva composition, injury to

supportive tissue, osteonecrosis, vascular changes,

and possible systemic effects have been considered

to contribute indirectly to alterations in dentition.

During recent years concern has been expressed

regarding possible hazards associated with dental

roentgenographic examinations. Surveys by ques-

tionnaires among dentists and on-site evaluation

of dental X-ray equipment in operation have in-

dicated the occurrence of a detectable exposure

dose to operators, patients and even to personnel

in adjacent rooms. The exposure dose and its dis-

tribution obviously varies with maximum kilo-

voltage, filtration, size and overlap of fields, num-

ber of exposures, focal distance, film speed and

geometry of exposure. Full-mouth examination

may entail 12 to 36 exposures with total exposure

time in excess of 60 seconds at a dose rate in ex-

cess of 1 r/second. With a full-mouth series, sur-

face exposure doses in the range of 24 to 160 r

have been reported. Scattered radiation from den-

tal examinations has been observed to vary from

to 5.6 r over the abdomen, with an average dose

of 450 mr, and from 3.8 to 4.3 mr over the male

gonads. Recognition of the problem has led to a

marked improvement in the techniques, equipment

and film for dental radiographs with better con-

trol of the potential radiation hazard. The recom-

mended procedures suggest the use of ultraspeed

films with high-energy developers to decrease ex-

posure duration, added filtration to reduce the skin

dosage, increased coUimation to reduce field size,

and the use of a longer focal distance to decrease

intensity while yielding good image definition.

The use of radiation in the form of radioactive

isotopes has advanced our understanding of the

dynamic processes in teeth. Perhaps the most im-

portant single contribution to date has been the

effect upon the concept regarding permeability of

hard tissues of teeth. The evidence from isotope

studies indicates that enamel, dentin and cemen-

tum are not impermeable as previously thought

but actually are highly permeable to several ele-

ments. Another important finding is that the up-

take and distribution of isotopes are markedly in-

fluenced by the functional condition of teeth,

particularly with respect to the presence of caries

and neurodystrophic processes. It can be antici-

pated that the use of isotopes for evaluation of

various therapeutic manipulations for treating

caries, as well as for prophjdactic procedures, will

lead to many advances of practical interest to the

dental profession and to the public.
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TELEVISION IN FLUOROSCOPY. See Fluoroscopy, Remote.

TELEVISION SYSTEMS AND PICK-UP TUBES. See Inten-

sification of X-Ray Images IV.

TEMPERATURE (DEBYE-WALLER) FACTOR. See Intensities,

Integrated X-Ray Diffraction.

TETRAZOLIUM SALTS DOSIMETRY. See Dosimetry.

THERAPY, MARROW. See Lipids: Effect on Survival.

THERMAL MOTION EFFECTS. See Scattering of X-Rays

and Gamma Rays.

THERMAL NEUTRONS. See Neutron Activation Analysis.

THICKNESSES OF CLADDING OF NUCLEAR FUEL ELEMENTS

DETERMINED BY X-RAYS*

Cladding on reactor fuel elements is necessary

in order to prevent reaction of uranium with the

surrounding coolant. Uranium is very reactive to

a number of organic and inorganic materials;

because of this, it is necessary to surround it with

a clad of metal which has good corrosion-resistant

properties. The materials most commonly used are

zirconium, aluminum and stainless steel.

Previous measurements of cladding thickness

have been made by eddj^-current techniques, auto-

radiography and other nondestructive methods.
Some of these are unable to measure certain ma-
terials and various thicknesses of cladding, while

others are too time consuming.
An investigation into the feasibility of measuring

cladding thicknesses by X-rays was started early

in 1958. Measurements of tin plating thickness have
been performed for a number of years in the tin-

plating industry by means of X-rays.^ It remained
to determine if the same techniques could be ap-

plied to fuel elements. Since the work was started,

there have been two publications in this field.

Lowe, Sierer and Ogilvie presented a paper at the

Seventh Annual Conference on Industrial Appli-

cations of X-ray Analj'-sis 1958 at Denver, in which
they studied the feasibility of determining cladding

thicknesses of zirconium, aluminum and stainless

steel on uranium core fuel elements." M. C. Lam-
bert,^ in an Atomic Energy Commission report,

measured aluminum cladding thicknesses on plu-

tonium and uranium by means of X-rays.

Theory. When X-rays impinge on the fuel pin

and penetrate the cladding, secondary X-rays of

uranium are produced. If 50-kv X-rays are avail-

able, the L series lines are produced. If 150-kv

X-rays are available, the K series lines are produced
in addition to the L series. The secondary uranium
X-rays emitted will then pass through the cladding
and will be attenuated by it. The thicker the

cladding, the lower the intensity of the emitted
uranium lines, as illustrated in Fig. 1, and the fol-

lowing formula

:

I = Lexp [—(/ii/p)pt]

where
lo—Initial emitted uranium intensity at the

under side of the cladding.

I—Transmitted intensity through the clad-

ding.

(fi/p)—Mass absorption coefficient of the clad-

ding for the uranium wavelength chosen.

P—Density of the cladding material.

t—Thickness of cladding.

* From a paper in Norelco Reporter VI, 3, 57-
59 (May-June, 1959), by permission.
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Fig. 1. Diagram showing thickness of cladding

with corresponding lowered intensity of emitted
uranium hnes.
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Fig. 2. Typical chart recording of a fuel pin.

Applications to Zirconium Cladding. The
initial problem was to determine cladding thick-

nesses of zirconium on fuel pins approximately 30

in. long and 0.125 in. in diameter. The nominal
cladding thickness of the pins was 0.005 in. It was
necessary to survey the whole surface of these pins

and to determine points or small areas where the

cladding was less than three mils thick.

The instrumentation consisted of the standard

Norelco X-ray Spectrograph with an OEG-50
tungsten target X-ray tube; LiF crystal; standard

collimation; and a scintillation counter. By laying

zirconium foils over a slab of uranium and examin-

ing the spectrum for the uranium La line, it was
established that thicknesses of zirconium to three

mils could be determined. Thicknesses of more
than three mils could not be determined ade-

quately. A further examination of the uranium

spectrum revealed that the uranium La line w-as

the best wavelength to use because of its high in-

tensity.

Once the feasibility of performing the analysis

was established, it became necessary to adapt the

procedure to the fuel pins and to speed up the

analysis. A sample holder was constructed with a

narrow sht 0.5 in. by 0.050 in. with the fuel pin

positioned directly underneath this opening. The
fuel pin was reduced in diameter by machining off

part of the clad in order to exaggerate any defects.

The pin was placed with one end protruding from

the sample chamber and a pointer was attached to

the outside of the pin in order to determine its

angular position wdth a reference mark scribed

on the pin. While the goniometer was fixed on the

uranium La line, fixed counts were taken for every

ten degrees of rotation of the pin. Chart recordings

were made also w^hile rotating the sample with a

slow-speed motor. Figure 2 is a typical chart re-

cording of one of the fuel pins with approximate

thickness indicated on the chart. After X-ray ex-

amination, the pins were sectioned and examined

metallographically. Cladding thicknesses from

metallographic examination were determined as

follows

:

A composite photograph was prepared at 75X
and the pin circumference divided into 5° arcs. The
average thickness of each arc was measured using

a planimeter. A definite correlation was established

between X-ray intensity and cladding thickness.

In order to increase intensities, a special brass

coUimator and sample holder w^ere constructed.

This collimator and sample holder were then in-

serted into the side of the housing of the spectro-

graph. This is illustrated in Fig. 3 and 4. In this

case, the effective slit size was 0.5 in. by 0.020 in.

Intensities w^ere still satisfactory even though the

slit width was reduced to 0.020 in. To increase the

speed of analysis necessary for routine work, the

sample w'as rotated at 10 rpm while recording the

intensity of the U La line. Even though the chart

speed was not rapid enough to indicate properly

the total circumference of the pin, the signal was

strong enough to detect the thin areas. Thus, it

Fig. 3. Diagram of special brass collimator and
sample holder.
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was demonstrated that rapid analysis of such pins

was feasible.

If thicker claddings of zirconium are to be meas-
ured, one must use harder radiation. Lowe, Sierer

and Ogilvie at M.I.T.^ were able to measure up to

thirty mils of zirconium cladding, using the K lines

of uranium. The instrumentation they used for this

method consisted of a 150-kv industrial X-ray
source and a nondispersive technique using a

scintillation counter and pulse-height analyzer. The
authors report a three per cent accuracy in the 0-

30 mil range. Figure 5 is the calibration curve ob-
tained by this technique.

Applications to Aluminum Cladding. Alumi-

FiG. 4. Special brass colhmator and sample holder being inserted into side of the housing
of the spectrograph.

20 30 40

CLADDING THICKNESS

50

(MILS)

60

Fig. 5. Intensity of uranium K series fluorescent radiation vs. cladding thickness—zirco-
nium on uranium.
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num cladding can be measured to much greater

depths than can zirconium, using the uranium

La line. Figure 6 is the calibration curve obtained

at Sylvania using a fuel element with a 10 per

cent uranium—90 per cent aluminum core. Lowe,

Sierer and Ogilvie^ were able to measure thicker

claddings of aluminum with a 1 per cent accuracy

at 30 mils on a 100 per cent uranium core. Lam-
bert^ also measured aluminum cladding, using the

uranium LjSi line.

7000

6000*

5000

4000\
I0%U-90%AI CORE
ALUMINUM THICKNESS
VS. COUNTS/SEC
ULa, LINE 50KV
45MA LiF CRYSTAL

3000 - \
2000 - \

P 1000
z 900

^ 800

- \
S 600

i 500

- \
400 - \
300 -

200

1 1 1 1 I 1 1 1 I

2 4 6 8 10 12 14 16 18

Fig. 6. Cladding thickness of aluminum (mils).

(Sylvania Research Labs.)

Applications to Stainless Steel Cladding. For

stainless steel cladding, Lowe, Sherer and Ogilvie"

used the uranium L series for determinations in the

0-10 mil range. For thickness greater than 10 mils,

they measured Compton scattering from 150-kv

X-ra3^s, using nondispersive analysis. They were

able to correlate the intensities obtained with clad-

ding thickness; Fig. 7 illustrates the relation ob-

tained.

Experimental Arrangement for Rapid Anal-

ysis. In order to measure many fuel pins more

rapidly and completely, special equipment should

be emploj'ed.

The design of the tube housing depends upon the

size and shape of fuel elements to be examined

and should include a rotating and traversing mech-

anism. This housing should also include the

special collimator necessary to produce a line

source in order to examine a small area. Addi-

tional sensitivity may be obtained by decreasing

the take-off angle of the secondary radiation.

Alternatively, greater thicknesses of cladding may
be measured using a larger take-off angle. Simi-

larh% variations can be made in the angle at which

the primary beam strikes the fuel pin in order to

determine the optimum test conditions.

Since a hne source is produced by a slit parallel

to the X-ray tube, there is much to be gained by

using a curved crystal focusing monochromator

which can be optimized for the uranium La line.

Since only one wavelength is being measured,

there is no need for a scanning type goniometer.

The source, crystal and the detector slit should lie

on the same focusing circle. The scintillation

counter is necessar}^ because it has high counting

efhcienc}^ for the uranium La wavelength. The
X-ray source and counting circuits can be of con-

ventional design. When using the L series lines.

CLADDING THICKNESS (MILS)

Fig. 7. Intensity of scattered radiation vs. cladding thickness: 304 stainless steel on ura-

nium-low-energy photons.
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a molybdenum X-ray tube is recommended be-

cause Mo Ka is very efficient in exciting the

uranium L series spectra. The difficulty in using a

conventional industrial X-ray source for the K
series lines is that stabihty of the X-ray output

is poor compared to standard X-ray spectrographic

equipment. In addition, there is the problem of

adequate shielding.

A very fast rate-meter response is necessary in

order to flash a signal or alarm when the cladding

is too thin. If a permanent record is desired, a very

fast chart speed recorder can be used.

By using the proposed modifications, the sensi-

tivity could be improved greatly over that already

reported. This would permit either a more careful

analysis of the pin or higher testing speeds. The
use of a line source on the pin and the curved

crystal monochromator are the most important im-

provements to be made. A considerable increase in

peak-to-background ratio could be obtained.

By improvements in the geometery of the sam-
ple and tube placement, it may be possible to in-

crease the depth of penetration to 4 mils when
using the U La line for determining zirconium

thicknesses.

Summary. Routine and rapid analysis of zir-

conium clad fuel pins in the 0-3 mil range is feasi-

ble by measuring the attenuation of the uranium
La line using a standard 50-kv X-ray source. The
accuracy that can be obtained depends on the

speed of analysis desired. Thicknesses of zirconium

up to 30 mils can be measured using the uranium
Ka line with a reported accuracy of 3 per cent.

Aluminum cladding can be measured to 30 mils

thickness by measuring the intensity of the ura-

nium La line.

Stainless-steel cladding can be measured from
to 10 mils in thickness by measuring the ura-

nium La line, and to 30 mils by measuring Comp-
ton scattering from a 150-kv X-ray source.

Cladding materials other than those mentioned
can be measured by these techniques. Rapid
routine analysis can be undertaken by constructing

the special equipment mentioned above.
The X-ray method has two main advantages

over other techniques. Firstly, because the absorp-
tion is an exponential function of the thickness,

the sensitivity to thin areas is extremely good.
Secondly, the attenuation of a particular wave-
length is a function of thickness only, and is not
affected by small amounts of impurities, heat treat-

ment or other previous metallurgical history.
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THICKNESS GAUGING. See Coating on Paper; Coating
Thickness Measurement; Matrix Effect in Spectrometry.

THIMBLE CHAMBER. See Detectors of Radiation.

THIOL COMPOUNDS. See Protective Effects of Thiol Com-
pounds.

THORIUM ANALYSIS. See Absorption Analysis of Thoriur

THORIUM-LEAD ALLOYS. See following Article.

ThX2 COMPOUND ALLOY CRYSTAL STRUCTURES, AND
THE PROBABLE STRUCTURES OF ThPb AND UPb

The account given below is based on papers ap-

pearing in Acta Cryst. 14, 856 (1961) and 15, 652

(1962) and a joint paper with J. J. Norreys to be

published in 1963 in /. Less-Common Metals.

Complete lists of references may be found in the

original papers.

Alloy Preparation. Elements X alloyed with

thorium were copper, silver, gold, zinc, cadmium,
mercury, aluminium, gallium, indium, silicon, tin,

lead and busmuth from the B sub groups of the pe-

riodic table and nickel and platinum from group
eight. The methods of preparation used depended
upon the volatihty of X as follows

:

a) Arc melting under argon was employed for

cases where X does not boil below 1700°(5.

b) Reaction of thorium powder with liquid X in

an evacuated glass or vitreous-silica capsule at

500 to 550°C. Rapid homogenization of the prod-
ucts at these temperatures was attained by vig-

orous shaking during the heating cycle. Those of

the listed elements unsuitable for arc melting are

molten below 500°C and at this temperature nei-

ther the reacting elements nor their compounds
attack glass during the relatively brief heating

cycle (two to four days). Elements alloyed with
thorium by this technique were zinc, cadmium,
mercury, gallium, indium, tin, lead and bismuth.
A further technique was applied on a limited

scale to the preparation of silicon- and germanium-
rich phases. Thorium alloys containing up to 60

at. per cent silicon or germanium were found to

decompose in molten bismuth at temperatures
above 500°C. The decomposition products were
ThBi2 and silicon- or germanium-rich phases in a
well-crystallized condition. The reaction with bis-

muth was accelerated by shaking, the reactants

being sealed in an evacuated glass or vitreous-

silica capsule. Cr3'stals were then grown b}^ heating
the products at 500 to 700°C in an alumina crucible

sealed inside an evacuated silica envelope. The
crystals were isolated from the bismuth matrix by
dissolving this in nitric acid. Phases prepared in

this way included ^Q-ThSio (500 to 700°C), ThGeo
(500 to 600°C) and Tho.sGcs (650 to 750°C).
X-ray Examination. The structures of the Th-

X alloj^s described below, except these of ThGeo
and Tho.9Ge2 , were determined from X-ray powder
diffraction data. In this connection, it should be
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Table 1. Data for MX2 Compounds of Thorium.

Gr. VIII Gr. IB Gr. 115

ThNi2
Hexagonal C32
ao = 3.960 ± 0.003A

Co = 3.844 ± 0.004

A

Palladium compounds, not

examined

No ThX2 compound formed with

platinum

ThCu2
Hexagonal C32

ao = 4.387 rt O.OOIA

Co = 3.472 ± O.OOIA

ThAg2
Hexagonal C32

ao = 4.837 ± 0.002A

Co = 3.353 ± 0.002

A

ThAu2
Hexagonal C32

ao = 4.740 ± 0.002A

Co = 3.402 ± 0.002

A

ThZn.
Hexagonal C32

ao = 4.497 ± 0.002A

Co = 3.718 it 0.002A

ThCdo
Hexagonal C32

ao = 5.005 ± 0.002A

Co = 3.514 ± 0.002A

No ThX2 compound formed with

mercury

Gr. III5 Gr. IVB Gr. VB

ThAl2
Hexagonal C32
ao = 4.388 =b 0.002A

Co = 4.162 ± 0.002A

ThGas
Tetragonal Cc

ao = 4.234 d= O.OOIA

Co = 14.690 ± 0.002A

To ThX2 compound
indium

formed with

Thalium compounds not examined

ThSi2
Hexagonal C32
(^-ThSio)

ao = 4.136 ± O.OOIA

Co = 4.126 ± O.OOIA

Tetragonal Cc

ao = 4. 135A
Co = 14.375A
ThGeo
Orthorhombic 6'49

ao = 4.223 ± 0.002

A

bo = 16.911 ± 0.006A

Co = 4.052 =b 0.002

A

No ThXo compound
with tin

No ThXo compound
Avith lead

No ThXg compound formed with

phosphorus

formed

formed

ThAs2
Tetragonal C38

ao = 4.086A

Co = 8.575A

ThSbo
Tetragonal C38

ao = 4.353A

Co = 9.172A
ThBio
Tetragonal CSS

ao = 4.492A
Co = 9.298A

noted that many of the alloys between thorium

and .B-sub group elements are easily oxidized when
crushed to a powder and some are vigorously p3-

rophoric in character. Decomposition of these

materials was successfully prevented for purposes

of X-ray examination by immersion in an inert

medium of sodium-dried paraffin. Specimens were

prepared by crushing the alloys under this liquid

and pipetting the resulting slurry into a thin-

walled, glass capillary previously filled with par-

affin. The sohd phase settled rapidly and a speci-

men of suitable length was broken off and sealed

with a quick-drying nonaqueous glue. Alloys ex-

amined in this way were those between thorium

and copper, silver, gold, zinc, cadmium, mercury,

indium, tin, lead and bismuth.

Diffraction patterns of all the alloys were ini-

tially recorded in a Debye-Scherrer camera of

11.46 cm diameter using the Straumanis film

mount. The radiation used was Cui^a and values

of 1.5405 and 1.5443A were assumed for the wave-

lengths of the ai and ao components. In the case

of the lower symmetry structures of the Th-Ge
alloys, powder patterns were also recorded in a

Guinier type focusing camera with sihcon (ao =

5.4306A) incorporated in the specimen as an in-

ternal calibrant. CrXai radiation was used

(XCri^ax = 2.2896A).

The orthorhombic structures of ThGea and

Tho.sGe^ were determined from single-crystal data.

X-ray intensities were recorded in a Weissenberg

camera using MoKa radiation and the atomic posi-

tions were evaluated and refined from electron

density projections and successive difference syn-

theses.

ThX2 Crystal Structures. The structure types

and cell dimensions of the ThA'o compounds ob-

tained in the above examination are hsted in Table

1. Results for the As and Sb compounds are from

another source and are included for completeness.

Agreement with earlier investigations was reached

for X = nickel, copper, mercury (no ThA^2 com-

pound) aluminium, sihcon (for a-ThSi2) and bis-

muth. The structures are of* four types, namely,

hexagonal C32 (AlB2)-type with c/a < 1, tetrag-

onal Cc (a-ThSio)-type, orthorhombic C49 (ZrSio)-

type and tetragonal anti-C38 (Fe2As)-type.

For the elements of low group number (A' =
copper, silver, gold, zinc, cadmium and aluminum)

the ThXs phase has the C32 structure featuring a
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Th-A" coordination of twelve. ThSia is dimorphic,

transforming from the C32 to the Cc structure at

1300 to 1350°C. Projections of the two modifications

and the mechanism proposed for the polymorphic

transformation give a clear demonstration of the

relationships between the C32- and Cc-type struc-

tures.

In the Cc structures of a-ThSi2 and ThGa2 each

thorium atom has eight near X-neighbors and
four at a shghtly greater distance giving a Th-A^

coordination of 8 + 4.

Comparison of the atomic arrangements in a-

ThSi2 and ThGes projected on the (100) plane

shows that there are marked structural relation-

ships between these compounds. In each case, the

atomic arrangement is identical in successive (200)

planes which are related by simple translations

normal to the [200] direction. In the C49 structure

of ThGeo , each thorium atom has four nearest A-
neighbors, two A''-neighbors at a greater distance

and a further two slightly farther away. The co-

ordination can be written as 4 + 2 + 2.

The Th-Ge coordination polyhedron is a dis-

torted Archimedes antiprism and the structure of

ThGeo can be described in terms of a simple pack-
ing of antiprisms into layers which are stacked

along the [010] direction. This antiprismatic co-

ordination is found in the tetragonal C38 struc-

tures of ThAs2 , ThSb2 and ThBis . The antiprisms

are again stacked in layers along a crystallographic

direction, the [001] direction, demonstrating the

close relationship between the C49 and C38 struc-

ture types, but in the case of the latter, the stack-

ing is more symmetrical. This and an associated

reduction in the distortion of the antiprism leads

to a Th-A coordination of 4 + 1 + 4.

Defect ThXo Phases. These are found in the
Th-Si and Th-Ge systems and structural details

are given in Table 2. In each case, the crystal

structure is derived from the C32, Cc or C49 ar-

rangements mentioned above and the defect phase
exhibits greater thermal stability than the cor-

responding stoichiometric compound.
In the Th-Si system, the greatest departure from

stoichiometry is shown by ThSii.e? which has a de-
fect C32 structure. The corresponding Th-Ge phase
has a composition of ThGei.s and although the
atomic arrangement is clearly based on the 032
structure, there is a small distortion which reduces
the symmetry from hexagonal to orthorhombic.
The geometrical relationship between the hexag-
onal C32 and the derivative orthorhombic cells

is given in terms of the interplanar spacings d'

(hexagonal) and cl" (orthorhombic) bv

where

diQo , 2c?oooi = c?oio and 2d'

\/3 . rfooi > 2di

In the Th-Ge system, the phase corresponding
most closely in composition to ThSii.67 is the defect
Cc-t3^pe phase ThGei.e . This compound also shows
a small structure distortion which reduces the
symmetry to orthorhombic and the relationship
between the tetragonal Cc and orthorhombic cells

Table 2. Data for DeiFECT ThA2 Compounds.

Composition
Structure Type
and Space Group

Cell Dimensions

ThSi,.67 Defect C32 ao = 3.986 ± 0.001A
(ThsSis) Hexagonal.

PQ/mmm
Co ^^ 4.228 - O.OOIA

ThGe,.5 Defect dis- ao = 6.989 ± 0.002A

torted C32 6o = 8.432 ± 0.003

A

Ortho- Co = 8.136 ± 0.003

A

rhombic
Pccm or Pcc2 -

ThGei.6 Defect dis- ao = 5.913 ± 0.002A*
torted Cc 5o = 5.889 ± 0.002A

Ortho- Co = 14.219 ± 0.006A

rhombic
Fddd

Tho.gGeo Derived ao _ 16.642 rt 0.006A
from C49 6o = 4.023 ± 0.002

A

structure Co = 4.160 ± 0.002A

Ortho-
rhombic
Cmmni

* Values quoted for alloy containing c:^62 at.

%Ge.

is given in terms of d' (tetragonal) and d" (or-

thorhombic) by

<iiio = <iioo , c^iio = t?oio and c?o

with

> do

At temperatures above 1400°C this phase has a

small homogeneity range (estimated at = 2 at per
cent germanium) and it is notewortlw that the

distortion increases slightly with decreasing ger-

manium content.

The orthorhombic structures of ThGe2 and
Tho.gGeo have the same geometrical relationships

as the alpha- and 6e^a-modifications of ThSio and
therefore provide a further connection between
the C32-, Cc- and C49-type structures. Alterna-
tively, viewed as a structure composed of anti-

prismatic polyhedra of germanium atoms co-

ordinating thorium, Tho.9Ge2 offers an alternative

way of stacking the layers of antiprisms to those

provided by the (749- and C38-type structures.

Discussion. The results given in Table 1 clearly

show that stoichiometric ThXo compounds are

formed without regard for the simple rules of

valence and in this way thej^ resemble the com-
pounds described as intermetallic phases. The
structures of intermetallic phases can be inter-

preted in terms of coordination poh^hedra built up
by the packing of spheres, the form of the poly-

hedron depending in each instance upon the rela-

tive numbers of combining M and X atoms and
the ratio of their atomic radii tx/tm . In the case

of the ThX2 compounds, however, it is not possible
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Table 3. Data for MPb and MPbs Phases.

Compound
Probable Structure
Type and Space

Group
Cell Dimensions

ThPb3 LI 2

Cubic Pm3m
ao = 4.855 ± O.OOIA

UPba LU
Cubic Pm3m

tto = 4.7915 ± 0.0002A

ThPb Tetragonal

Mi/amd
ao

Co

= 4.545 ± O.OOIA
= 11.288 ±0.006A

UPb Tetragonal
Ui/amd Co

= 4.579 ± O.OOIA
= 10.518 ± 0.002A
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doubled Co dimension. The space group sym-

metry Mi/amd is shared by compounds with the

Cc-type structure and it is noteworthy that the

atomic configuration in a-ThSi2 can be derived

from the proposed MPb crystal structure on re-

placing each Pb atom by a pair of Si atoms aligned

parallel to the tetragonal [001] direction. A rela-

tionship of this type is to be expected in view of

the fact that both silicon and lead belong to Or.

TVB of the periodic table while the metallic radius

for lead (C.N. 12) is roughly 75 per cent greater

than the radius for silicon as observed in most

intermetallic silicides.

Structure data for the Th-Pb and U-Pb phases

are given in Table 3.

x^LLAN Brown

to relate the coordination polyhedra which occur,

or the structures into which they are built, to

atomic packing alone. Thus, to quote only one ex-

ample, ThAuo with the C32 structure exhibits a

high Th-X coordination (12) despite the large

atomic radius of gold while ThGao and ThGea
demonstrate a progressive decrease in Th-X co-

ordination (8 + 4 and 4 + 2 + 2 respectively)

although gallium and germanium have atomic

radii appreciably smaller than that of gold. These

results and the general trend of the structure types

which marks the transition form Group 15 to

YB give clear indication that the occurrence of a

given crystal structure depends to a large extent

upon the group number of the A^ element.

Compounds of Uranium and Thorium with

Lead. No MX2 compound was detected in the

system Th-Pb. Parallel examination of this and

the U-Pb system showed, instead, the formation

of pairs of isostructural phases at 75 at. per cent

and 50 at. per cent lead. The lead-rich phases have

simple cubic structures and appear to belong to a

well-established series of compounds with the LI2

(CuAu3)-type structure of which Thins, ThSus

,

USia , UGes and USus are typical examples. Since

the diffracting powers of thorium, uranium and

lead are of the same order of magnitude. X-ray

intensity data give no indication as to the atomic

arrangement in these phases and the possible oc-

currence of disordered structures cannot be ex-

cluded, particularly in materials prepared at high

temperatures.

The MPb phases give simple diffraction patterns

which can be interpreted in terms of a tetragonal

distortion (c/a > 1) of the LI2 unit cell arising

from the substitution of M atoms for one-third

of the lead atoms in the corresponding MPbs
phases. Owing to the similarity of the diffracting

powers referred to above it is again impossible to

make a firm assignment of atomic positions for the

M and Pb atoms. Consideration of simple alterna-

tive structures in the light of atomic packing in-

dicates that the most satisfactory arrangement

would result from locating M in the fourfold (a)

positions and Pb in the fourfold (b) positions of

the space group Mi/amd, the unit cell correspond-

ing to a tetragonally distorted Lh cell with a

TITANIA-OPACIFIED ENAMEL DIFFRACTION ANALYSIS*

X-ray diffraction analysis was used to determine

the form of titanium dioxide crystals in the fired

specimens. The analysis was made with a General

Electric X-ray diffractometer, using copper radi-

ation.

The specimens for the analysis were prepared by

spreading a small amount of frit on a piece of

platinum sheet. The platinum sheet ^was of a

size to fit on the sample holder of the X-ray spec-

trometer unit. The frit on the platinum sheet was

fired in a furnace for 3 minutes at 1100°C to dis-

solve the titanium dioxide crystals in the frit. The

sheet was withdrawn quickly from the furnace and

cooled in air. The melt was transparent when

cooled to room temperature. The specimen was

fired again at a desired temperature to cause

crystallization of titanium dioxide in the melt.

Eight specimens were prepared by firing at the

following temperatures for 4 minutes: 741°, 804°,

851°, 904°, 942°, 1000°, 1043° and 1105°C.

Only the intensity of the peak corresponding to

the strongest d value for anatase at the 25.3-degree

angle and the intensity of another peak correspond-

ing to a strong d value for rutile at the 27.5-degree

angle were recorded. The two peaks at 25.3 de-

grees and 27.5 degrees were caused by the 101

plane and 110 plane of the anatase and rutile crys-

tals, respectively. In a very thin specimen, most

of the crystals lay parallel to the platinum sheet.

With the crystals in such a position, the 101 plane

of the anatase and the 110 plane of the rutile

crystals usually caused the strongest reflection of

radiation.

Discussion.The two strong peaks at 25.3 degrees

and 27.5 degrees belong to anatase and rutile, re-

spectively. In Fig. 1, the intensity of these peaks

corresponds to a pair of strong d values. The

height of the peaks is proportional to the intensity

of the radiation and was used to measure the rela-

tive amount of crystals in the specimens.

The curve in Fig. 1 at 741°C shows that anatase

* Portion of paper on "The Relation of Vis-

cosity, Nuclei Formation, and Crystal Growth in

Titania-Opacified Enamel," J. Am. Ceramic Soc,

39,188(1956).
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R" RUTILE

A • ANATASE

II05**C.

I043**C.

TITANIUM DIOXIDE CRYSTALLOGRAPHY,
of Crystalline Structures.

See Perfection

3r 2y2r25*23^
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Fig. 1. Portion of X-ray diffractometer patterns

of a titania-opacified enamel frit at various tem-
peratures.

was present, but no rutile. At 804°C the curve shows
that both rutile and anatase were present (some
anatase was transformed to rutile between the

temperatures 741° and 804°C). The anatase peak
was higher than the same peak at 741°C; therefore,

more anatase crystals were developed at 804° than
at 741°C. At 851°C a maximum number of rutile

crystals was developed in the specimen. As the
temperature increased, the rutile crystals were dis-

solving and the number of crystals had become less

and less. At 1105°C all rutile crystals were dis-

solved. The evidence of this was shown by the rela-

tive height of the rutile peak as the temperature
increased to 1105°C. For the same reason, the ana-
tase peak indicated that a maximum number of

anatase crystals had developed at 904°C and the
crystals had completely dissolved at 1043°C. The
short peak of the anatase at 851°C was probably
caused by some impurity in the anatase crystals.

Tin Boo Yee

TOOTH MINERAL CRYSTALLOGRAPHY. See Bone and
Tooth "Mineral".

TOPOGRAPHY, X-RAY DIFFRACTION

Principles. In numerous solid-state researches

it is necessary to investigate inhomogeneities of

crystalline material. This is most directly achieved

by preparing topographs which depict point-by-

point the variations of particular characteristics

of the specimen. Such topographs are of value

whether it is the distribution of inhomogeneities

themselves that is being studied, or whether the

presence of inhomogeneities is of interest merely

because of their influence on some other property

of the material. Topographs may be taken that

show, for example, the distribution of optical ab-

sorption or optical fluorescence in a specimen. Ab-
sorption and fluorescence topographs may be ob-

tained in the X-ray spectrum as well: the former

are the essential bases of the highly developed tech-

niques of radiography and microradiography, the

latter were pioneered by von Hamos^^ for ele-

mental analysis and find modern expression in

scanning X-ray emission microanalyzers.^° In ad-

dition, X-rays provide a highly sensitive probe

of specimen properties through crystal diffraction.

The wide variety of X-ray diffraction topographic

methods developed in recent years, and some of

their applications, will be discussed in this article.

Essentially, the two properties that X-ray dif-

fraction topographs can reveal are local variations

in crystal lattice perfection, and local variations in

lattice orientation. An idea of the sensitivity ob-

tainable in the first case is given by considering

that, under properly chosen diffraction conditions,

the X-ray refiecting power of a small volume of

ideally mosaic crystal may exceed that of a simi-

lar volume of perfect crystal by two orders of

magnitude. Hence point-by-point variations of

X-ra^'' reflecting power are most sensitive indicators

of departures from perfect lattice regularit^^ In the

second case, sensitivity to changes of lattice orien-

tation can be raised to a level such that a bend-
ing of the crystal to a radius of more than a mile

can be detected.

The first diffraction topographs were prepared

by Berg^' * who pointed out the geometrical differ-

ences between forming the image of a crystal sur-

face by optical specular reflection and by Bragg
reflection of characteristic X-raj^s. Thus, in the ar-

rangements shown in plan in Fig. 1, all light

rays diverging from the point source, S, in Fig.

1(a) and falling on the crystal, C, between the

limiting rays 1 and 2 can contribute to forming

an optical image of the surface of C on the film,

F. On the other hand, if an image of the whole

surface of C is to be obtained bj' monochromatic
X-rays reflected from it under the Bragg condi-

tion then the incident ravs 1, 2 and 3 must all
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C

Fig. 1. Imaging of surface of crystal C by (a)

continuous radiation and (b) Bragg-reflected char-

acteristic radiation.

Fig. 2. (a) Crystal surface (C) with imperfect

region (A) and misoriented region (B). Continuous
radiation topographs with D'« D in (b) and D' ~
D in (c). Characteristic radiation topographs, (d)

main reflection, (e) B only reflecting.

make the same angle with C, as in Fig. 1(b). Thus
they must either come from different points of an

extended source, or from a small source so far

away that 1, 2 and 3 are effectively parallel. Berg

used an extended source of W La radiation and
studied reflections from cleavage planes of rock

salt. It is clearly desirable to form an undistorted

image of the crystal. With reflection from crystal

surfaces this may be largely achieved by simply

placing the photographic film or plate parallel to

the specimen surface. However, there will be some
magnification in a direction perpendicular to the

figure in the case of Fig. 1(b), depending upon
the ratio of distance from source to specimen, D,

to the distance from specimen to film, D' . This

magnification is {D + D')/D. When imaging takes

place as in Fig. 1(a) there is a magnification in the

plane of the figure as well, with a similar de-

pendence on D and D'. If continuous (white) radi-

ation is used instead of characteristic radiation

imaging exactly analogous to the optical case of

Fig. 1(a) can be obtained, the image being simply

an extended Laue spot. Then, if the emission of

the source varies little in intensity between the

upper and lower wavelength limits represented by
a given order of reflection of raj-s 1 and 2, re-
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spectivelj^, and no absorption edges of specimen or

film fall in this range, an undistorted uniformly re-

flecting crystal, C, will give a uniform patch of

darkening on F.

Whether continuous or characteristic radiations

are used provides the main basis for classifying

topographic techniques, for they produce different

topographic imaging effects, with different de-

pendence upon D'/D, in response to variations of

lattice orientation in the specimen. Consider an

idealized situation represented by Fig. 2. Suppose

the surface of the crystal C (Fig. 2(a)) has a

patch. A, more imperfect than the surrounding

crystal and a patch, B, which is misorientated rela-

tive to its surrounds. On a continuous-radiation

reflection topograph obtained according to Fig.

1(a) the image would appear as in Fig. 2(b) with

D' « D, and as in Fig. 2(c) with D' relatively

larger. (The change in size of image with increase

of D' is neglected.) In both Figs. 2(b) and 2(c)

the imperfect patch, A, manifests itself by en-

hanced reflecting power, but the misorientation of

B only becomes measurable when D' is large

enough to show the deviation of rays diffracted

by B relative to those diffracted by adjacent re-

gions. On the other hand, using characteristic

radiation, and a good degree of collimation of the

incident beam, B will not reflect at all when its

surrounds reflect, (Fig. 2(d)) but it can be brought

into reflection by varying the glancing angle of in-

cidence upon C, reflection from the rest of the

crystal then vanishing (Fig. 2(e)). Apart from

changes in magnification in one direction, the gen-

eral appearance of the topograph is not sensitive

to changes of D' in the characteristic-radiation

case. Misorientations in any direction may be de-

termined bj' measuring the amount and direction

of image displacement in the continuous-radiation

case, but this is only feasible if the misoriented

region is sharply bounded. With characteristic radi-

ation the component of misorientation in the plane

containing incident and diffracted beams only is

measured bj' rotating the crystal about the nor-

mal to this plane, and a succession of topographs

must be taken to cover the reflecting range unless

an appropriate counter recording technique is used.

However, the precision now obtainable is high, and

can be better than 1 sec. of arc, depending upon

the method of collimation of the incident char-

acteristic radiation. The continuous-radiation

method has the advantage that with a single,

stationary, noncritical setting of the specimen, an

image of its whole surface may be obtained, and,

in fact, several reflected Laue-images may be re-

ceived on the same film, with various degrees of

distortion. On the other hand, in contrast to the

idealization of Fig. 2, local variations of reflect-

ing power are usually associated with local tilts and

bends of the crystal lattice, and hence the inter-

pretation of the intensity distribution on a con-

tinuous-radiation topograph is often difficult, even

if a set of topographs at various D' values is taken.

For directness of interpretation, for high intensity

and resolution, characteristic-radiation topographs

are preferable in serious studies of lattice im-

perfections.
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Topographic methods may be further classified

according to whether the diffracted rays are re-

flected from the specimen surface or transmitted

through it. Clearly, the transmission arrangement

demands that the specimen be sufficiently thin that

absorption losses are not intolerable. However,

using radiation such as AgKa (X = 0.56A) light

elements may be examined in transmission with

thicknesses of the order of a milHmeter, and only

the heaviest elements must be thinned to less

than 10 microns. It is arguable that in the trans-

mission method the potentialities of X-ray dif-

fraction topographs are best realized, for they then

provide a general, nondestructive method for ex-

amining the interior structures of crystals of such

a thickness that their interior state adequately

represents conditions in the bulk material. Trans-

mission methods present the complication that the

primary beam, also transmitted through the speci-

men, must not be allowed to fall upon the emul-

sion and obscure the diffracted beam. Thus inter-

position of sHts passing only the diffracted beam,

and restriction of width of the primary beam, are

necessary if the distance D' is to be kept small.

An exception to this situation occurs with thick

specimens when anomalous transmission, the Borr-

mann effect, is utilized (see below).

With characteristic radiation it is desirable to

register only the Kai diffracted rays, unless D'
can be kept down to about 1 mm, in order to avoid

loss of resolution due to superimposition of Kai
and Kao images. This requires good collimation of

the incident beam, which is also a necessity if

misorientations are to be measured sensitively.

Such collimation can be achieved by use of a fine-

focus X-ray tube, a narrow slit close to the speci-

men, and a large value of D ; but then some means
for scanning the specimen with the beam must be

used if large specimen areas are to be examined.
Alternatively, a wide parallel incident beam may
be produced by prior reflection at a mono-
chromator crystal. The type examples of these

techniciues and some other variants of the topo-

graphic method will now be described in outline.

Typical Experimental Arrangements. Con-
tinuous Radiation, Reflection Specimen. The
method of Schulz^® employs the geometry of Fig.

1(a) in conjunction with a microfocus tube as

source. With an X-ray tube focus of projected

size about 3 X 30 microns topographs of good
resolution can be obtained with D' relativeh" large,

and making D -^ D' gives a reasonable combina-
tion of angular and topographic resolution. If

standard double-coated X-ray film is used then

it is advisable to place the film normal to the Laue
diffracted rays of chief interest: distortion of the

image is not very serious since diffracted beams
making relatively large angles (~45°) with the

specimen surface are used. Coyle et aU^ have dis-

cussed the geometrical basis for interpreting topo-

graph images formed by this method.
Continuous Radiation, Transmission Speci-

men. This is one of the earliest topographic meth-
ods and was developed quite thoroughly by Ra-
machandran-'' for the study of plates of diamonds
up to 1 cm^ in area, using reflecting planes fairly

steeply inclined to the surface of the plate.

Ramachandran plotted graphically the relative

angular settings of specimen and film needed to

give an undistorted image for various values of

D/D'. He used D/D' = 12, so his arrangement had

the characteristics of Fig. 2(b) and his topographs

were hence sensitive to variations in lattice perfec-

tion but not to misorientations.

Characteristic Radiation, Stationary Reflec-

tion Specimen. The refined experiments of Bar-

rett^ set the standard with this particular tech-

nique. The basic arrangement is simply that of Fig.

1(b), as used by Berg, but Barrett achieved ex-

cellent topographic resolution by keeping D' not

greater than 1 mm and recording on high resolu-

tion spectroscopic plates. Use of such thin emul-

sions has the advantage that the diffracted beam
may fall on them obliquely without serious loss of

resolution. Barrett also found that the best re-

flection topographs were obtained using soft radi-

ations such as Cr Ka to Cu Ka. The technique,

now known as the Berg-Barrett method, was

further developed by Newkirk"^ who established

it as one of the leading methods of studying in-

dividual dislocations by X-ray diffraction topog-

raph3^ Newkirk made a special effort to reduce D'

to —0.1 mm by choosing radiation and reflecting

plane so that the incident beam made a small

angle with the specimen surface and the dif-

fracted beam left it nearly normally: the emul-
sion could then be placed almost parallel to the

specimen surface, and very close to it.

Characteristic Radiation, Moving Reflection

Specimen. Various methods have been devised to

obtain Bragg reflections of characteristic rays from
an extended crystal surface without using an ex-

tended X-ray source. N. Wooster and W. A.

Wooster^^ bathed the cr,ystal in a divergent beam
of radiation and rocked it and the film together

so that all points of the specimen surface had a

chance to reflect at the Bragg angle. In this way
the conditions of a continuous-radiation reflec-

tion topograph are approached and the method
is more sensitive to variations in lattice perfec-

tion than orientation. An alternative arrangement,
capable of high angular resolution, was described

by Merlini and Guinier." The reflection specimen
and the film, mounted parallel to the specimen sur-

face, were together translated in a direction per-

pendicular to a narrow beam so that the whole
specimen surface was scanned. Another arrange-

ment, allowing diffracted rays to fall normally on
the film so that a thick emulsion could be used,

yet giving an undistorted image of the crystal sur-

face, was used by Lang.^® In this method, shown
schematically in Fig. 3, a well-collimated incident

beam is used and the film, F, is stationary. The
crystal whose surface is to be imaged is translated

back and forth during the exposure between the

positions AB and A'B'. The direction of transla-

tion is selected so that the width of image A"B"
is equal to the width of the face, AB. Since D'
cannot be made small in this method, D must be

large and/or a very fine X-ray tube focus used

to give good topographic resolution. The incident

beam must also be kept narrow at the specimen.
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These two conditions ensure good angular resolu-

tion as well.

Characteristic Radiation, Stationary Trans-

mission Specimen. The method of ''section topo-

graphs" (Lang,^°) is shown in Fig. 4. A narrow

beam of penetrating characteristic radiation is

reflected by lattice planes normal, or nearly normal

Fig. 3. Arrangement for Bragg reflection, moving
reflection specimen.

Fig. 4. Arrangements for "section topographs"

and "projection topographs".

to the surface of the specimen, C, and the dif-

fracted beams fall normally on the emulsion, F.

Diffraction conditions may be chosen so that a

region of imperfection, /, within the crystal gives

a local intensification, /', in the image A'B' of the

crystal section AB cut by the incident beam. The
crystal and film may be together moved stepwise,

preferably in a direction parallel to the specimen

surface, and the distribution of imperfections in

the specimen interior deduced from the series of

section topographs so obtained. With this tech-

nique, diffraction images of individual dislocations

were first recorded.

Characteristic Radiation, Moving Transmission

Specimen. Provided the crystal is not too thick and

the density of imperfect regions within it not too

large, a more direct display of the distribution of

imperfections is obtained by the method of "pro-

jection topographs. "^^ The arrangement is as shown

in Fig. 4 with the specimen and emulsion being

traversed back and forth together in the direction

of the double arrow during the exposure. A sta-

tionary slit, >S, allows only the diffracted beam
to fall on the emulsion. The image produced can

be regarded as a superimposition of many section

topographs, and is a projection along the diffracted-

beam direction of the imperfection content of the

whole of the specimen. Information on the depth

within the specimen of a particular imperfec-

tion can often be deduced from the form of its

diffraction image, but is usually obtained by taking

a stereo-pair of projection topographs. This con-

sists of a pair of reflections hkl and hkl. The topo-

graphs, suitably magnified, may be studied in a

conventional stereoviewer, or they may be ex-

amined directly through twin microscopes. An
example of such a stereopair is shown in Fig . 5,

the pair being formed from the 111 and HI re-

flections of a natural diamond octahedron. Fig. 6

explains the geometry. The flecks of enhanced dif-

FiG. 5. Stereo-pair of projection topographs of a diamond.
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fracting power come mainly from surface damage,

such as scratches and ring cracks. Damage is es-

pecially heavy along the octahedron edges. The
interior of the stone is remarkably free from im-

perfections, the most noticeable being a small im-

perfect included diamond which gives a strong re-

flection.

Incident Beam Monochromatized. Consider

the arrangement of Fig. 7. Characteristic radiation

from the X-ray tube focus, S, is reflected by a

highly perfect monochromator crystal, M, before

impinging on the specimen crystal, C. Thus a

broad incident beam is obtained in which each

wavelength may have a divergence in the plane of

the figure of only a few seconds of arc, the angular

range of reflection of the perfect crystal M. Mis-

orientations in C can then be measured with great

sensitivity by taking a series of topographs with

the angular setting of C changing in small steps

so that differently oriented parts of it are in turn

brought into the Bragg reflecting position and pro-

duce blackening on the emulsion, F. The topo-

graphs indicate differences in reflecting power of

less sensitivity since the divergence of the beam in-

cident upon the specimen will not be large enough
to permit imperfect regions in C to give their

complete integrated reflection. If the Bragg angles

are the same for the reflections from M and C then
the dispersionless property of the "parallel" double-

crystal spectrometer arrangement is obtained. The
angular range over which C reflects will then con-

tain no broadening due to the finite range of wave-
lengths in the characteristic radiation used. By
using an asymmetric reflection from M, as shown
in Fig. 7, the beam incident on C can be made
wider than the width of the source ;S and a cor-

respondingly wider specimen surface examined.
This arrangement was used by Bond and Andrus.^

The method has been developed by Bonse and
Kappler^ and Bonse,° who have used it for study-
ing the lattice distortions around individual dis-

locations. The angular resolution can be enhanced
by making use of the reduction in angular range of

reflection which can occur in asymmetric reflection

from perfect crystals.^^'
^^

Specimen Anomalously Transmitting. If the
transmission specimen is a highly perfect single

crystal, and the product of its thickness, t, and
the usual X-ray absorption coefficient, ix, is such
that fit is more than a few units, then it is found
that for rays satisfying the Bragg condition both
primary beam and diffracted beam undergo anom-
alously low absorption. This effect was dis-

covered by Borrmann®' ^ (A brief account of its

underlying diffraction theory is given by Webb.^")
For highly perfect specimens with /xt ^ 10, say,

practically only those rays satisfying the Bragg
condition exactly are transmiuted through the
crystal, and they travel through the crystal in a

stream closely parallel to the Bragg planes. In Fig.

8, C represents such a thick, perfect crystal and
Bragg reflection is occurring at planes normal to

the faces of the specimen. The path of a typical
Bragg reflected ray, 1, is as shown. If an ex-
tended source, S, is used then a film placed in the
diffracted beam at Fi registers a topograph formed

FiG._6^ Settings of diamond octahedron for 111

and 111 stereo-pair of projection topographs.
Strongly diffracting inclusion at I.

Fig. 7. Arrangement with monochromatization of

incident beam.

Fig. 8. Arrangements using anomalous transmis-
sion.

by the anomalously transmitted diffracted rays.

This is the arrangement of Barth and Hosemann.^
Rays of any wavelength satisfying the Bragg con-

dition travel parallel to the reflecting planes within

the crystal but outside the crystal their directions

correspond to their appropriate Bragg angle with

the reflecting planes. Since the source, S, subtends

a relatively large angle at the specimen both the

Kai and Ka2 radiations, and possibly the K/3 lines

as well, can satisfy the Bragg conditions. Hence
multiple images of the crj^stal will appear on the

film placed at Fi . This difficulty due to poly-

chromacity can be avoided by placing the emulsion
at Fo in close contact with the exit surface of the

crystal. Upon leaving a given point on the exit

surface both primary and diffracted ra3's, of any
wavelength satisfying the Bragg condition, will

form an image on the same point of the emulsion.

Such an arrangement has been used by Ceroid and
Meier^^ and gives better topographic resolution

than the arrangement of Barth and Hosemann.
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However, under conditions of anomalous trans-

mission, it is found that only those crystal im-

perfections lying quite close to the exit surface

give well-defined images. It is to be noted that

since imperfect regions destroy the conditions for

the anomalously low absorption, they produce less

blackening on the emulsion than the more perfect

crystal regions surrounding them. This type of con-

trast is the reverse of that obtained with /xt < 1,

when imperfections make themselves manifest by

their extra diffracting power.

Applications. Since the discovery in 1957 ^that

individual dislocations could be imaged in X-ray

diffraction topographs, activity with the X-ray

topographic technique has increased. This particu-

lar application will be dealt with separately in the

article on "Dislocation Studies by X-ray Diffrac-

tion Topography" (q.v.). However, informative

topographs can be obtained even when dislocations

cannot be individually resolved, and many other

types of imperfection can be studied. Misorienta-

tions, growth stratifications, inclusions and precipi-

tates have been studied in natural crystals such as

diamond, quartz and calcite. For laboratory-grown

crystals the Schulz method is very convenient for

a quick check of crystal perfection ; its applications

to aluminum have been described by Kelly and

Wei" and Doherty and Davis.'' Transmission

methods, using characteristic radiation, have been

used to study precipitates in silicon, diffraction con-

trast due to variation of oxygen content in silicon,^"

and stacking faults in silicon.'® Defects in whiskers

and thin platelike crystals are also conveniently

studied by transmission methods.^'- ^- The Berg-

Barrett method has been used to study impurity

substructures in zinc" and has found much ap-

plication in studies of deformation structures m
metals.'^" ^* More recently, transmission methods

have been used to map magnetic domains"^ and

to investigate the effects of radiation damage.

X-ray diffraction topography cannot compete

with the resolution of the electron microscope.

The best X-ray topographic resolution obtained

in both reflection and transmission arrangements is

about one micron, and several factors make it

extremely difficult to better this figure. However,

the abihty to make repetitive, nondestructive

examinations of large crystal specimens is a virtue

of the X-ray techniques which frequently finds

advantageous employment, as in the sample of

applications listed above.
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TOPOGRAPHY, X-RAY DIFFRACTION, IN DISLOCATION

STUDIES

Basic Experiments. In 1957 it was discovered

that individual dislocations could be observed

by X-ray diffraction topographic methods. In fact,

within a short space of time this observation was

made independently in several laboratories, using

different experimental arrangements. Quite a

variety of X-ray topographic techniques had been

developed by this date and a number of them had

the necessary resolution and sensitivity to make

single dislocations detectable in crystals of fairly

low dislocation density. A summary of^the principal

techniques is given in the article on X-ray Diffrac-

tion Topography to which reference may be made

for background information on the experimental

methods referred to here.

A rough idea of why dislocations can be seen

can be gained from the following considerations.

Imagine a single dislocation line embedded in a
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matrix of perfect crystal. If a path is followed

that approaches close to the dislocation an increas-

ing tilt and curvature of the lattice is encountered.

The perfect regularitj^ of lattice planes is destroyed

and the region close to the dislocation is rendered

relatively imperfect from the X-ray diffraction

point of view, i.e., it partakes increasingly of the

characteristics of a mosaic crystal, of which a given

volume will diffract much more strongly than the

same volume in the surrounding perfect crystal.

Remembering that X-ray topographic methods are

capable of great sensitivity both in lattice-tilt

measurements and in studies of point-by-point

variations in reflecting power it becomes under-

standable that the strain field around a single dis-

location should make a recognizable image on the

topograph. In fact, with proper choice of dif-

fraction conditions, the diffraction images of in-

dividual dislocations show up with intense extra

blackening over an image width of several mi-
crons.

The first X-ray topographic studies of individual

dislocations were made by Lang/- Newkirk,^^ Bonse
and Kappler^ and Borrmann, Hartwig and Irmler.*

Lang used the method of "section topographs""
with the image formed by diffracted X-rays trans-

mitted through the specimen. Newkirk used a

refinement of the Berg-Barrett technique" with
reflection of X-rays from the specimen surface. A
reflection specimen was also used by Bonse and
Kappler, but with strict coUimation of the inci-

dent beam by prior reflection at a monochromator
crystal. Borrmann et al. employed very different

diffraction conditions, for they observed the
shadows formed by dislocations in the narrow
bands of radiation transmitted by a thick crystal

placed close to a source of divergent characteristic

X-rays so as to produce a wide-angle diffraction

pattern. These narrow bands of radiation are just

those which satisfy the Bragg condition exactly
and are transmitted through the crystal with anom-
alously low absorption, the Borrmann effect. The
dislocations locally destroy the lattice perfection
needed for the Borrmann effect to operate, and
hence cause a locally increased absorption of X-
rays with correspondingly reduced blackening on
the film. The contrast produced is thus the reverse
of that given by dislocations in Newkirk's topo-
graphs, and in Lang's when lightly absorbing crys-

tals are used. The earliest experiments had to
check that there was a one-to-one correspondence
between the diffraction images and known disloca-

tions in the specimen. With reflection specimens
this was done by comparing the X-ray topographs
with the pattern of dislocation etch pits on the
specimen surface, and with the transmission speci-
mens of silicon used in early "section topographs"
comparison could be made with tne infrared trans-
mission pictures after "decorating" the disloca-
tions with copper precipitates by the method of
Dash.^ The next experiments had to investigate the
variation in diffraction contrast of dislocations as
a function of angle between the Bragg reflecting

plane and the Burgers vector of the dislocation.

The rules of visibihty were estabhshed by Lang
and Newkirk who systematized the procedure for

the identification of Burgers vectors by comparing
topographs of a selected series of X-ray reflections.

This is more conveniently done with specimens in

the transmission that the reflection arrangement,
and with the development of the "projection topo-

graph" and its use in preparing stereopictures,"

means became available for studying the configura-

tion of dislocations within relatively thick crys-

tals and determining the Burgers vector of par-

ticular dislocation segments in their interior.

Methods for obtaining topographs of extended re-

gions of thick crystals diffracting under conditions

of anomalous transmission have been described

by Barth and Hosemann^ and by Gerold and
Meier,^ but they suffer from the disadvantage that

only dislocations close to the exit surface of the

crystal give sharp images (unless they happen to

be lying in the plane of the incident and dif-

fracted X-rays) and when the Borrmann effect

is strong it is impossible to make satisfactory

stereopairs of topographs for studying the disloca-

tions in depth.

Some Features of Dislocation Diflfraction Con-
trast. The theory of the diffraction contrast given
by dislocations in X-ray topographs is still under
development. It is generally more comphcated than
that required to account adequately for the forms
of dislocation images observed in electron micros-

copy, and only a few basic aspects of the X-ray
case will be presented here. For individual disloca-

tions to be resolvable in X-ray topographs the

crystal must be such that the dislocations are sepa-

rated from each other by at least a few microns
and the intervening lattice is relatively perfect.

Under such conditions the major volume fraction

of the crystal behaves as perfect from the X-ray
diffraction standpoint. Hence the dynamical dif-

fraction theory for perfect crystals must be used
to describe the underlying diffraction behavior of

the cr\^stal, with the effects of local perturbations

due to lattice distortions at dislocations being
taken into account. A useful summary of the

dynamical theory, including special reference to

its applications in diffraction topography, has been
given by Webb.-° For fuller treatments the texts

of Zachariasen,"^ James^ and von Laue^'^ can be
consulted.

Fortunately, the rules for identification of Burg-
ers vectors may be understood without recourse

to complex theory. The degree of diffraction con-
trast will vary with the strength of the component
of lattice distortion normal to the Bragg reflect-

ing planes. The maximum value of contrast obtain-

able depends in a comphcated way on the X-raj^

scattering and absorbing power of the specimen
material, the thickness of the specimen and the X-
ray wavelength, and is not readily calculable.

However, the criterion of invisibilitj^ that there

should be no component of lattice distortion per-

pendicular to the Bragg planes, applies under all

diffraction conditions. To see further what this

implies in the identification of Burgers vectors it

is necessary to consider the form of the lattice dis-

tortions around dislocations. Figure 1 shows in

perspective a block of crystal, assumed for sim-

plicitj^ to be based on a simple cubic lattice. If the
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Fig. 1. Lattice distortion at a screw dislocation.
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Fig. 2. Lattice distortion at an edge dislocation.

crystal is deformed by a pure screw dislocation

which has its location along the vertical line ZZ'
the block is distorted from its original parallelepiped

form to take up the shape shown. The top surface,

originally flat, now forms part of a helicoidal sheet.

If a path is traversed over the top surface in such

a way as to enclose the dislocation line then a

vertical jump AA' must be included in order to

make the path a closed circuit. This jump AA' is

the Burgers vector and it lies parallel to the dis-

location line ZZ' in the case of the pure screw

dislocation. Of all the lattice planes that can be

drawn in the crystal block, the maximum distortion

is suffered by the top-surface plane which has the

Burgers vector normal to it. It is to be es-

pecially noted that the vertical side planes of the

block remain flat, and in fact any lattice plane in

which ZZ' lies has no deformation component nor-

mal to its surface. For a general lattice plane a

measure of the distortion normal to it is given by
the scalar product, b.n, of the Burgers vector b
and the unit vector n normal to the lattice plane.

It follows that the rule for invisibility of a pure

screw dislocation is simpl}' that b.n = 0.

The lattice distortion at a pure edge disloca-

tion is shown in Fig. 2. This depicts a single

lattice plane. The edge dislocation passes perpen-

dicularly through it at and terminates the extra

plane of atoms that has been inserted into the

lattice and whose trace is OY . After the insertion

of this plane an extra step AA' is required to close

the circuit around 0. Hence AA' is the Burgers

vector b, and it lies parallel to OX. Lattice planes

perpendicular or inclined to the diagram and along

whose normals AA' has a nonzero component are

clearly distorted by the presence of the dislocation.

However, even planes inclined to the diagram

which intersect it parallel to XX' and hence have

no component of b normal to them, suffer some
distortion due to the dislocation. Thus, in the edge

dislocation case, the condition b.n = is not a

sufficient criterion for invisibility. There is in fact

only one plane in whose Bragg reflections the dis-

location is quite invisible and that is the plane

parallel to the diagram, i.e., perpendicular to the

line of the pure edge dislocation. All distortions

of the lattice lie in this plane and have no com-
ponent normal to it.

In the more general case of a mixed dislocation,

that is, one which can be formed by a combina-

tion of edge and screw components, the angle be-

tween the Burgers vector b and the vector 1

parallel to the dislocation line will take some value

between 0° and 90°. The criterion of least visibility

for the general case is that b.n = and that, in ad-

dition, b X n.l = 0, the latter condition being

contributed by the edge component. Thus, in

words, not only must the Burgers vector and re-

fiecting-plane normal be perpendicular to each

other, but the Burgers vector, reflecting-plane nor-

mal and dislocation line must also be coplanar. The
procedure for identification of Burgers vectors is

straightforward. In principle, if any dislocation is

found to be invisible in two reflections its Burgers

vector must he parallel to the line of intersection

of the two reflecting planes. In practice, additional

evidence is obtained b}^ noting relative visibility in

a number of X-ray reflections. It helps if diffrac-

tion conditions can be chosen to maximize the con-

tribution of the factor b.n to dislocation visibility.

An idea which experimental situations best realize

these conditions may be gained from the follow-

ing brief consideration of the nature of disloca-

tion images. Very roughly, one may divide the

region around a dislocation into two concentric

zones. The inner one contains lattice distortions

which are so great that the crystal behaves as

mosaic, with large phase differences, rapidly vary-

ing functions of position, introduced between X-
rays scattered from different parts of it. In the

outer zone the distortion is more gentle, so that

coherence between scattered waves is maintained,

but still some phase differences are introduced that

are absent in the surrounding perfect matrix. These

more smoothly varying phase differences cause a

bending of the paths of the beams comprising the

interacting primary and diffracted X-rays at or

very near to the Bragg angle. Next consider the
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ray paths under the geometry of ''section topo-
graphs" and "projection topographs," remembering
that the image formed in a projection topograph
can be regarded as the superimposition of many
section topograph images. Suppose the crystal

specimen has the form of a parallel-sided plate

with the reflecting planes normal to it. Figure 3

shows three situations each with a narrow beam of

characteristic radiation incident at on the X-ray
entrance surface of the specimen and radiation

leaving the specimen over the region AB on the
exit surface. The directions of incident and dif-

fracted rays are parallel to OA and OB respec-

tively, hence the angle AOB = 2d. The incident

beam has typically a divergence of 1' or 2' of arc

in the plane of the diagram. This angular range
fully covers the range of reflection of a perfect

crystal which is only a few seconds of arc. In
an undistorted crystal, Fig. 3(a), X-ray energy
flows down through the triangle, OAB, forming a
fan of rays as shown. The center ray, parallel to

the Bragg planes, is the path of energy-flow when
the Bragg condition is exactly satisfied. When the
angle of incidence is on the wings of the reflec-

tion curve the rays take paths approaching the
directions OA and OB. At the exit surface the
beams within the crystal split up as shown into

primary rays travelling parallel to OA and dif-

fracted rays travelling parallel to OB. The latter

are received on the film and form the "section
topograph." Suppose, as in Fig. 3(b), a disloca-
tion hne normal to the plane of the diagram hes
within the triangle OAB. The two zones around
the dislocation, the outer one of coherent scattering
and the inner one of incoherent scattering, are
shown on a greatly exaggerated scale. In actuahty
the diameter of the outer zone would be not greater
than about 50 microns whereas the specimen thick-
ness would be of the order of 1 mm. Refraction of

rays in the outer zone causes a redistribution of
energy over AB, whereas the inner zone acts some-
what as a scattering object in the ray paths, di-

verting some rays into the OA and OB directions.

A different situation arises in Fig. 3(c) where the
incident beam cuts through the center of the dis-

location. The "mosaic" inner zone of the disloca-
tion can reflect an appreciable fraction of the en-
ergy within the angular range of the incident beam,
and it produces an intense diffracted beam which
overshadows the other rays travelling in the tri-

angle OAB. This intenser, sharper image is termed
the "direct image," and the diffuse, weaker image
arising from the outer zone is called the "dynamical

Fig. 4. Projection topograph showing dislocations
in a diamond.

Fig. 3. Geometry of dislocation image formation.
Fig. 5. Projection topograph of dislocation source

in sihcon. Scale mark 100 /x.
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image." In a projection topograph, each disloca-

tion is scanned in turn by the direct beam, OA,

and forms its own direct image. It follows that for

high contrast, good topograph resolution and good

stereoscopic locahzation, a direct image, strong

compared with the dynamical image, is desirable. In

addition, it is found that the simple visibility de-

pendence upon b.n applies to the direct image bvit

not to the dynamical one. The diameter of the mner

zone increases with decrease in wavelength and X-

ray structure amphtude. For a sihcon crystal and

AgKa radiation its diameter may be 10 to 15

microns whereas for an iron crystal and CoKa
radiation it is only about two microns. Much bet-

ter resolution of dislocation structures can be ob-

tained in the latter case. With increase in absorp-

tion the strength of the direct image is reduced,

and it vanishes entirely when the absorption is

high. Thus there arises the reversal in contrast of

dislocation images that is observed when diffrac-

tion takes place under conditions of anomalous

transmission, as in the experiments of Borrmann,

Hartwig and Irmler.

Applications. The ability to examine non-de-

structively large gem stones and valuable museum
specimens is one advantage of the X-ray method of

observing dislocations. Figure 4 shows a projection

topograph of a diamond octahedron of about 4 mm
edge length. Dislocations can be seen radiating

outward and terminating on the faces. This stone

may be compared with the more perfect one whose

topographs appear in the preceding article on

Topography. The regular plan of a dislocation

source close to the surface of a sihcon crystal is

shown in Fig. 5. This crystal was deformed at a

relatively low temperature and the straightness of

the dislocation segments contrasts with their ap-

pearance in sihcon deformed nearer to its melting-

point." The array of dislocations in lithium fluoride

shown in Fig. 6 is part of a subgrain boundary of

very low angle. As the boundary angle increases

the dislocations line up closer to each other in

better parallehsm. An account of X-ray observa-

tions of dislocations in a variety of crystal species

has been given by Lang." Additional studies have

been described in the review by Webb'° and in

other papers in the same volume. A promising ap-

plication of the X-ray method is the study of dis-

location configurations in metal crystals much

thicker than can be examined in the electron

microscope. So far aluminum has received most

attention."- '• '^ One of the most successful X-ray

dislocation studies reported is the work of Lommel

and Kronberg'' on the determination of Burgers

vectors in sapphire, using Newkirk's technique. A
different type of investigation is that of Bonse'

who has used the great sensitivity of the double-

crystal spectrometer arrangement to investigate

quantitatively the long-range strain fields around

single dislocations. The possibility of making re-

petitive dislocation studies of the same specimen

after heat-treating, deformation or radiation dam-

age can also be exploited to advantage with the

X-rav methods.

Fig. 6. Projection topograph of dislocation array in LiF. Scale mark 25 fi.
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TRACE ANALYSIS BY COMBINATION OF ION EXCHANGE
AND X-RAY FLUORESCENCE

Although the advantages and potentialities of

X-ray fluorescence as an analytical techniciue have
been reahzed for nearly 50 years, it is only since
the development of high intensity X-ray tubes,
modern crystal spectrometers'- ^' ^ and suitable de-
tectors (scintillation and flow counters) that the
method has come into its own as a practical ana-
lytical tool and gained so tremendously in popu-
larity during recent years. With present-day instru-
mentation, all the elements from Na upwards can
be analyzed for with about the same ease and in
general, the method is directly applicable to con-
centrations within the range 0.01 to 100 per cent.
Within this concentration range no special sample

preparation techniques are normally required, and
while the accura:?y of a fluorescent determination

compares favorably with conventional chemical

analyses, the time involved is more often than not

only a fraction of that required by chemical tech-

niques.

Except in a few favorable cases,*' ° the analysis

of trace elements in the parts per million concen-

tration range has up till quite recently not been
possible by X-ray fluorescence techniques, the

limiting factor being the relative weakness of the

emitted X-ray spectra. However, with the increas-

ing interest in trace element impurities and trace

determinations in process control, added emphasis
has been placed on ways and means of determining
extremely small quantities of material rapidly and
accurately, and it is only natural that techniques

should have been developed to extend the scope

of the attractive X-ray fluorescence method also

to cover the trace element concentration range.

The first steps to be taken in this direction were
by Zemany and co-workers'^' ^ who introduced a

sample enrichment technique by absorbing the

element to be analyzed on a small piece of cation

membrane and irradiating this directly in an X-ray
spectrograph. In this manner traces of cobalt, at

concentrations of Ifi gm/1, were analyzed for. The
long equilibration times involved (16 to 48 hr)

have, however, precluded the general application

of their method in a wider field, particularly in

process control, where the time factor is important.
Recently van Niekerk and co-workers^' ^' '° have

developed a method which combines the virtues

of both ion exchange and X-ray fluorescence for

the rapid and accurate determination of uranium
and thorium in the ppm concentration range.

These authors have made use of the properties
(described variously in books'''^ and literature

from the various suppliers") of synthetic high
capacity ion-exchange resins to effect a concentra-
tion of the element(s) to be determined on the
resin (granular or liquid) and then measuring the
resin sample directly on an X-ray spectrograph. In
this technique, sample handling is reduced to a
bare minimum (cf., ashing or eluting the resin as
in spectrographic procedures with possible losses

due to volatilization). Furthermore, a number of

elements may be collected simultaneously without
the necessity of time-consuming separations.

In this procedure the relative amounts of resin

and solution are so chosen that the enrichment
ratio brings the concentration of the element(s)
on the resin within the range where it can be de-
termined directly by X-ray fluorescence in terms
of previously estabhshed calibration curves. It has
been found that, provided the solid resin is soaked
beforehand, rapid equilibrium with both solid and
liquid resins is obtainable and furthermore, pro-
vided the particle size of the solid resin is small
(200 to 400 mesh), no extra variance is introduced
in the results by distributional variations in the
resin bed.

The low atomic numbers of the elements con-
stituting the resins make them ideally suitable for
X-raj' fluorescence measurements insofar that op-
timum sensitivit}" is achieved, while interelement
effects are almost completely absent. However,
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where relatively large amounts of coabsorbed ele-

ments give rise to interferences, such as absorption

or enhancement of the measured radiation, the

effects can be overcome by the use of a suitable

internal standard. The voids between the sohd

resin particles in the sample holder are filled with

a Hquid reference standard in nonabsorbing form.

The reproducibility of the results obtained fully

justify the introduction of standards in this way.

For maximum effectiveness, the resin should not

only be selective as regards the element(s) to be

separated, but it should also have a correspond-

ingly high distribution coefficient (Kd). In their

work on the determination of uranium in barren

effluents, van Niekerk et aU' " used anionic resins

(Bio-Rad Ag-IX and Amberhte LA-2) and ob-

tained an accuracy of 3 to 5 per cent when ana-

lyzing in the 7 to 5 ppm concentration range, while

the sensitivity of the method is about 0.1 ppm In

their work on the determination of thorium in low

concentrations,'" a cation exchange resin (AG
50WX12; Kd > 10"^) was used and both batch and

column extractions were investigated. For various

reasons, such as the time factor, additional dis-

tributional variations, transfer losses, etc., the batch

extraction technique seems to be superior. The

total time for analysis, including sample prepara-

tion, is 15 to 20 minutes and the accuracy, when

using 2 g of resin and 500 ml sohition. is about 3

per cent when analyzing for thorium in the ppm
concentration range.

It is clear from the above that by combining the

virtues offered by ion-exchange separation and X-

ray fluorescent analysis, a powerful method has

been developed, which has extended the hitherto

limited scope of X-ray spectrography to include

also the trace concentration region. Modifications

to these techniques (successive ion separation

stages to obtain quantitative extractions free from

interfering elements can be envisaged) will no

doubt further extend the useful practical appUca-

tions of X-ray fluorescent analysis.
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TRACE ANALYSIS IN PETROLEUM PRODUCTS BY X-RAY

EMISSION AND ABSORPTION SPECTROMETRY:

INSTRUMENTATION, SAMPLES, METHODS AND

SENSITIVITIES

The petroleum industry has found in X-ray

spectrometrv a valuable tool for the analysis of

the great varietv of materials originating from

crude oil. Although petroleum is basically an

organic substance, its analysis must include the

determination of many elements, some of which

occur naturallv in crude oil and others which are

added during various processing stages. Much oi

the important work in the development of X-ray

spectrometry has been concerned with petroleum

products, and the rapid expansion and diversifica-

tion of the petroleum industry will undoubtedly

continue to stimulate the growth of this versatile

analvtical technique.
. .

X-rav spectrometr\' in petroleum analysis is

almost' invariably confined to the determmation

of trace constituents, since except for carbon,

hydrogen and occasionally sulfur, there are ordi-

narilv no elements present in most petroleum

products in concentrations greater than a few

tenths of a per cent. A few specialties are pro-

duced in which other elements are present in

major amounts, but they will not be discussed

here. The subject matter covered by the title of

this article, with its many ramifications, is suffi-

ciently large to warrant separate consideration.

Petroleum analysis by X-ray spectrometry may

be considered in two categories : direct methods m
which the sample is analyzed with no prior treat-

ments, and methods requiring concentration of

the elements to be determined. Under favorable

conditions a few tenths of a part per milhon

(ppm) can be determined directly in oils, whereas

the sensitivities in concentration methods are

limited onlv by the size of the original sample.

Petroleum is well suited to direct analysis by

X-ray spectrometry for several reasons. It is

composed mainly of elements of low atomic num-

ber, so that the matrix effects are usually minor;

in most cases where these effects must be con-

sidered, corrections are relatively simple. Thb

relatively low absorption coefficients of carbon

and hydrogen also permit greater sensitivities,

subject to background limitations to be discussed

later. Petroleum samples are almost always homo-

geneous, so that segregation and similar effects

are not ordinarily encountered. (One must not

assume that this is always true, however, and

strict sampling precautions must be observed as

with all analytical procedures for petroleum.) The

homogeneity and fluid characteristics of oils pro-
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vide ready means for diluting the sample as well

as incorporating internal standards directly into

the liquids, although the problem of solubihty,

especially with compounds of metals, is greater

than with aqueous solutions.

The fact that petroleum contains primarily
elements of low atomic number contributes to

relatively high background intensities due to

scattering of the primary radiation. This phe-
nomenon is usually the hmiting factor in defining

the sensitivity. On the other hand, background
scattering has been found useful in some proce-
dures in which the ratio of line to background
intensities is employed for cahbration and analysis.

While this is not as satisfactory as a true "internal
standard," some correction for matrix effects is

obtained.

Applications. Petroleum samples ranging from
crude oils to a wide variety of finished products,
and varying in volatihty from gasohne to solid

tars, have been analyzed for trace elements by
X-ray spectrometry. Table 1 presents a compila-
tion of the more important determinations by this

technique which are, or have been, in routine use
in petroleum analytical laboratories.

For several of the individual methods listed in
Table 1, a variety of X-ray spectrometric pro-
cedures have been reported. For example, nickel
and vanadium have received considerable study
as constituents of crudes, distillates, charge stocks,
fuel oils and residues, and no fewer than eight
different procedures for one or both of these
elements have been reported to date (early
1962) in the hterature. This broad scope plus the
many new apphcations being reported is truly in-
dicative that X-ray spectrometry will continue to
increase in its value to the petroleum industry.
Instrumentation. The use of X-ray spectrome-

try for petroleum analysis does not require any
special or unusual instrumentation. For direct
analysis of hquid petroleum samples, most in-
vestigators prefer the ''inverted optics" system in
which the sample is contained in a cup having a
very thin film stretched over the bottom. Equip-
ment of this type is readily available from most
manufacturers and is fully described elsewhere in
this Encyclopedia. Also, some laboratories have
provided means for cooling hquid samples during
radiation, although the effects due to heating are
usually minor especially if the measurements are
performed quickly.

In the inverted optics system, it must be remem-
bered that the film (usually i4-mil ''Mylar")
used to contain the sample contributes to ab-
sorption of the emitted radiation which becomes
more pronounced at longer wavelengths. In de-
termining sulfur, for example, a twofold increase
m sensitivity has been observed when absorption
due to the film was eliminated.
As described above, the high background radia-

tion associated with petroleum analysis is un-
desirable if trace amounts of an element are to be
determined directly in the oil. The use of pulse-
height analysis has proven useful in many cases
by electronically separating the desired analytical
line from scattered or emitted wavelengths" con-

Table 1. X -RAY Spectrometric Methods.

Sample Type Elements
Determined Concentration Range

Gasoline Pb 0.1-4.0 ml TEL/gal*
Blended Lu- Ba, Ca, 0.01-1.0 w%

bricating Zn
Oil

All Types Ni, Fe,

V
0.1-1000 ppm

All Types S 0.002-10 w%
All Types P 0.005-10 w%
All Types CI 0.001-10 w%

This concentration of tetraethyl lead expressed in ml. /gal is
equivalent to approximately 20 to 1000 ppm Pb.

sisting of higher orders of radiation. This condition
is usually encountered in dealing with the longer
wavelengths. Ordinarily, pulse-height analysis is

employed in conjunction with crystal resolution
and frequently favors conditions permitting lower
resolution with corresponding increase in sensi-
tivity.

Problems in wavelength resolution in X-ray
spectrometry are not as frequent in petroleum
analysis as, for example, in metallurgical apphca-
tions. With a few exceptions the elements most
frequently determined in petroleum are relatively
free of fine interferences, which greatly simplifies
the task of the analyst. A notable exception is the
proximity of the vanadium K-alpha to second-
order tungsten L-beta-2 (when a tungsten-target
X-ray tube is used), and this can be minimized by
employing a different target material for the
primary radiation or by the use of pulse-height
analysis, as described above, for electronically
eliminating the second-order tungsten line.

Since most of the elements ordinarily deter-
mined in petroleum have wavelengths greater than
lA, the proportional counter is the radiation de-
tector favored in most laboratories, since it is

capable of use with electronic pulse-height analy-
sis and is more sensitive to longer wavelengths
than is the scintillation counter (the latter is

unsuitable in this region because of the undesirable
low-energy "noise" associated with the photo-
multiplier). For wavelengths longer than 2 or 3A,
the flow proportional counter offers the best in
sensitivity due to its ultrathin window, although it
is relatively inefficient in the region below lA;
It has, however, gained wide acceptance as the best
all-around detector for petroleum analysis.
The above discussion of instrumentation has not

touched upon many important aspects of this
subject, but is rather intended to cover only those
considerations which are important in petroleum
analysis. It should be evident that the petroleum
laboratory has no need for highly specialized or
modified X-ray spectrometric equipment, and the
standard units offered by most manufacturers are
capable of handling the many apphcations of this
technique in the industry.
Methods. Trace analysis in petroleum products

can be approached in two ways: (1) analysis of
the sample directly, or (2) separation and concen-
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tration of the element to be determined. In order

to utilize the advantage of speed of analysis the

direct method is favored where practicable. Con-

centration techniques are relatively time consum-

ing and are employed only where the elements are

present below the detectable limits of the direct

method. ,

A partial list of the direct methods reported

includes the following determinations: lead (as

TEL), bromine, and manganese m gasoline;

bariurn, calcium, zinc and other additive elements

in lubricating oils;' iron, nickel and vanadium m
crudes, gas oils, and other materials;' and sulfur

in a wide variety of petroleum samples." Some

investigators prefer to employ the internal stand-

ard principle, in which a known amount of an

extraneous element is added (as a solution in

oil). By proper choice of the internal standard

element, absorption and other effects can be mini-

mized. Also, the preparation of standards for

calibration purposes is simpUfied since solutions of

the various elements in an oil base can be pre-

pared in the laboratory. It is not difficult to

prepare or obtain oil-soluble compounds of nearly

every element, although many such compounds

tend to decompose and drop out of sohition if

stored for periods varying from a few days to

several months.

Whereas the internal standard approach is most

useful in complex compositions, many examples

of petroleum materials occur in which a single

unknown element is present in a matrix consisting

only of carbon and hydrogen. It is common prac-

tice in such instances to measure the intensity of

the unknown element directly with no dilution.

The determination of sulfur frequently falls in

this category, as does lead in gasoline. Since the

ratio of carbon to hydrogen varies depending on

the degree of unsaturation in an oil, there exist

differences in total absorption coefficients from

sample to sample. These are frequently small

enough to be neglected, although for the highest

accuracy a correction based on the carbon/hydro-

gen ratio should be applied to the observed X-ray

intensities.

Occasionally more direct absorption interfer-

ences are encountered, as for example the effect

of sulfur on the determination of vanadium;

barium affects zinc in lubricating oils in similar

fashion. Such effects require correction since the

magnitude of error can amount to a large fraction

of the total X-ray intensity involved. The actual

correction is usually simple if the concentration of

the interfering element is known.

Sensitivities will vary in the direct method of

obtaining X-ray intensities from the sample with-

out prior concentration, depending on the element

being determined as well as the various instru-

mental parameters. Under the most favorable

conditions, a maximum sensitivity of the order of

1 ppm is obtained using the K-alpha radiation of

elements in the 30 to 40 range of atomic numbers.

Better sensitivities have been reported, but these

are gained usually at the expense of speed of

analysis or simplicity and versatihty of the equip-

ment. As the atomic number decreases, sensitivi-
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ties fall off to about 10 to 20 ppm for sulfur

(Atomic No. 16). The higher atomic numbers,

with the exception of barium and lead, are rarely

encountered m petroleum products; for these two

elements, sensitivities of near 10 ppm are obtain-

able. ^ ,.

For the determination of lower concentrations,

it is necessary to segregate the element prior to

X-rav measurements. This is especially true m
the case of nickel and vanadium in charge stocks

and distillates where the concentration range of

interest is below 1 ppm. Combustion offers a

simple and rapid means of removing the bulk ol

the sample, provided proper precautions are taken.

Nickel and vanadium occur in petroleum as

volatile metal-organic complexes which are easily

lost during combustion, so that merely burning

the sample does not suffice for quantitative re-

coverv of the metals. Several satisfactory pro-

cedures have been described in which the samples

are treated, prior to combustion, with sulfuric

acid benzenesulfonic acid, or xylenesulfonic acid

in order to decompose the volatile metal com-

pounds.

Most concentration techniques are designed to

deposit the metals on a surface so that nearly

all the metal atoms are available for measurement

by X-ray spectrometry. In this manner microgram

amounts of an element may be quantitatively

measured with good accuracy. Nearly all such

methods require the use of an internal standard

to correct for possible losses during combustion

and subsequent transfer operations and also the

uneven distribution of metals on the surface being

examined. In the author's laboratory, sensitivities

of 0.01 ppm for nickel and vanadium have been

obtained bv this approach.

Absorption Techniques. No discussion ot X-

ray spectrometry in petroleum analysis would be

complete without mentioning absorption tech-

niques, which were in use for several years before

the more versatile X-ray emission method

achieved significance. X-ray absorption was widely-

used for determining sulfur in various oils' and

lead (as tetraethyllead) in gasoline;^ many units

based on absorption principles are still in use

and their number is increasing. One reason for this

is that absorption equipment is relatively inex-

pensive and quite simple in operation, making it

ideal for continuous monitoring of a process

stream. A typical absorption unit now available

for sulfur determinations uses X-rays generated

in a weaklv radioactive source, thus ehmmatmg

a considerable amount of complex electrical

equipment. However, it is obvious that absorp-

tion methods of this type, while quite valuable

for specific apphcations, are generally limited m
scope, and the emission technique is more fre-

quently employed due to its much greater versa-

tihtv.
,

. ^

Conclusion. No attempt has been made to

provide a complete bibliography of the subjects

discussed above since the number of publications

already is quite large and is still growing. In-

stead, a few recent references have been selected

as typical applications. Interested readers are
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referred to the Annual Reviews published in

Analytical Chemistry for complete literature cov-
erage of this important subject.

The wide acceptance of X-ray spectrometry by
the petroleum industry is indicative of its suc-

cess as an analytical tool for trace analysis. Ef-
forts are continually being directed at increasing
its value as such, both through advances in instru-

mentation and the development of better sample-
handhng techniques. It is reasonably safe to
assume that X-ray spectrometry is the most valu-
able single technique for trace analysis in the
petroleum industry today, and with the progress
being made it seems evident that no change in

this status is in sight.
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TRACE LEVEL DETECTION OF ELEMENTS BY X-RAY FLU-

ORESCENCE IN LOW ATOMIC NUMBER MATRICES

The lower limits of detection by X-ray fluores-
cence are generally considered to approach 0.001
per cent in the more favorable instances. However,
as will be described, at least one element under spe-
cific conditions has been measured at the 0.1 ppm
level. With similar apparatus and technique it is

probable that a number of elements under more
general conditions can be readily detected at the
parts per milhon level. The approach is such that its

adaptation to plant monitoring is considered feas-
ible.

The Case of Nickel in a Hydrocarbon Type
Matrix. A practical need exists for low-level de-
tection of nickel in the feed stocks used in cata-
Mic cracking for the production of high-quality
gasoline. Metal contaminants, such as nickel, alter
the catab^st characteristics which decreases the
gasoline quality and increases the production of
the less desired products such as coke and hydro-
gen.

Nickel in a commercial gas oil is a simple sys-
tem that is ideal for demonstrating basic problems
that would be confused with other issues if more
complex systems were first attempted. These
characteristics of the nickel system are:

1. The trace level of components other than
carbon, hydrogen and sulfur eliminates most, if

not all, problems of interelement effect.

2. The relatively low mass absorption coefficient
of such a matrix permits X-rays of all wavelengths

to penetrate to greater sample depths. Thus, a
high intensity signal for nickel is obtained since

it arises from a greater sample volume.
3. The enhanced nickel signal is offset by a

higher intensity background signal as a conse-
quence of the greater back scatter from a hydro-
carbon matrix.

4. These high intensity signals, however, permit
the accumulation of sufficient counts over an
acceptable time interval so counting statistics are

not a limiting factor.

5. The sulfur content of commercial gas oils can
vary up to 3 per cent which will severely attenuate
both the nickel and background signals. Other
matrix variables having lesser influence are the
carbon hydrogen ratio and density.

Nickel's Position Relative to the X-ray Spec-
trum. Figure 1 represents the spectral environ-
ment in the vicinity of the nickel line as a result

of the scatter from a nickel-free hydrocarbon
sample when a tungsten target X-ray tube is the
source of the primary radiation.

The proximity of the intense W-Lai and neigh-
boring lesser peaks, all on the short wavelength
side of the Ni-K edge, greatly enhances the nickel
signal and has facilitated its extreme low level
detection. In turn, the background is higher due to
the influence of the tungsten peaks but not to an
extent which offsets the nickel signal.

Figure 1 has been constructed so that 500 units
represent the intensity of the true nickel back-
ground. If 0.1 ppm of nickel were added to the
hydrocarbon sample, one additional count would
be obtained. This represents the net nickel count
which when divided by the true background
count gives a L/B ratio of 1/500 (or 0.002) at the
0.1 ppm Ni level.

Counting Statistics as Related to Low Level
Nickel Detection. In a sample containing nickel
it is impossible to determine the intensity of the
true background as a separate portion of the
analytical line. Accordingly it is necessary to use
another spectral line as a reference background.
This reference line was selected nearly as close
to the analytical line as the resolution of the
spectrometer permitted. It would then be ex-
pected to reflect most accurately the effect of
matrix variations on the true background.

Figure 1 indicates that the count intensity in
the reference background is essentially the same as
for the analytical line. This remains true even
if small amounts of nickel are present. If R^ and
/?2 represent the count accumulated at each
position then the variation in the ratio Q of the
two counts IS given bv :

(TQ

-¥(jj-m
From this it can be calculated that a count of
5 X 10^ must be accumulated at each position
if the variation, ctq

, in the ratio is to be 0.002.
This corresponds to a \-ariation m nickel content
of ±0.1 ppm if based on counting statistics only.
The 2<T level is a more realistic level. For this

2 X 10° counts would be required to retain the
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W-L, AT 1.678 A

1.65 1.70 „l.75

WAVFI FNGTH-a

Fig. 1. Location of the true and reference back-

ground lines in the back scattered spectrum from a

nickel-free hydrocarbon.

Fig. 2. Dual monochromator X-ray spectometer

of inverted geometry design.
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Fig. 3. Simphfied schematic diagram of current

integration method for measuring X-ray mtensities.
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±0.1 ppm Ni precision. Further extension of such

counting statistics indicates that for the same pre-

cision the count in each position can be reduced

bv 75 per cent if the hne to background ratio is

doubled. Such information assisted in setting up

an analytical method for nickel and defining its

limitations.

Spectrometer Requirements for Trace Analy-

sis. A spectrometer equipped with two fixed posi-

tion curved crystal monochromators provided the

mechanical and optical stability required for trace

analysis. A schematic diagram is shown in Fig. 2.

The advantages over a conventional single mono-

chromator are

:

1. Errors resulting from alternating the position-

ing between the analytical line and background

are eliminated.

2. Simultaneous measurement of both channels

compensates for \'ariations m the X-ray source

and several lesser variables. Such operation also

cuts the integrating time in half. This becomes

rnoio of a factor when large counts must be ac-

cumulated.
Electronic Equipment Required for Trace

Analysis. Proportional type detectors in con-

junction with current integration of the signal

were used to detect nickel at the trace level. The

advantages were:

1. High count rate capability—up to 10' c/m.

2. Long-term stability which has not been dem-

onstrated as adequate in available pulse-height

analyzers such as are required with high count

rate detectors.

3. Relative simphcity of electronic equipment.

A schematic diagram of such equipment is

shown in Fig. 3. With suitable relays and auto-

mated programming the following sequence of

operations is possible

:

1. If circuit A is on the reference background

the output of its detector can be indicated on the

recorder as it accumulates in the capacitor.

2. When a predetermined fixed type count has

accumulated, both capacitors are disconnected

from their respective detectors.

3. The electrometer is then switched to the

capacitor on circuit B, which has accumulated the

signal from the analytical channel, and its charge

read out on the recorder in bar type presentation.

The increment above a previously determined

position for a nickel-free sample is proportional

to the nickel content of the unknown.

4. The two capacitors are then discharged and

reconnected to their respective detectors. The

cycle is then repeated.
'

The automatic feature has certain desirable

characteristics aside from convenience of opera-

tion. These are:

1. Exact repetition of the sequence of opera-

tions minimizes variations that might otherwise

arise.

2. Repeat testing for an extended time on a

single sample, such as overnight, provides data on

instrument repeatability and long-time stability.

Two sigma repeatabilities of 0.25 per cent for

95 ten-minute runs were obtained.

3. With an automatic spot sample changer un-



1069 TRACE LEVEL DETECTION

attended operation is possible or with a flowing

sample, stream monitoring can be achieved.

An Instrumentation Problem Inherent in

Trace-Type Analyses. To enjoy the advantages of

the instrumentation described above, for trace-

type analyses, an inherent problem involving

inequahty of harmonic transmission between the

two monochromators exists. This is directly re-

lated to the harmonics that are sensed in each

channel by the integrating circuitries in addition

to the fundamentals. These harmonics, as identi-

fied from the fundamentals, are higher-order

reflections which are transmitted even though

the monochromator is positioned on a specific line,

such as Ni-Ka, in conformity with Bragg's Law.

As will be shown, the ratios of the intensities

between harmonics vary as samples of varying

absorptivity are encountered. This is indicated by

the fact that different readout ratios are obtained

for nickel-free samples of varying matrix even

when both monochromators are positioned for

the same wavelength. The underlying cause of

the ratio variation is the geometry existing within

the sample.

Harmonic Behavior Within the Sample Vol-

ume. From mass absorption coefficients for a

paraffinic hydrocarbon and one containing 3 per

cent sulfur, the depth reciuired to absorb 99 per

cent of the Ni-Ka X-rays (1.66A) and the second

harmonic (0.83A) can be calculated—assuming

a gravity of 0.8 for each material. The depths are

shown in Table 1

.

A primary X-ray which experiences elastic-

type scatter can penetrate the sample to a depth

of only 40 per cent of those shown in Table 1 if

it is to escape in the direction of the primary slit.

These depths from which 99 per cent can emerge

as scatter are shown in Fig. 4. For simplicity,

parallel primary and secondary X-rays are shown
rather than diverging and converging. The im-

portant consideration is the diagonal through the

sample volume which limits the X-rays reaching

the crystal to those below it. The active sample
volume is thus seen to be a truncated cylinder.

Graphical means can be used to determine the

number of X-rays of each wavelength that can

leave the sample in the direction of the crystal.

Such a means, which might be described as an
exponential attenuation grid, is shown in Fig. 5.

It can be taken that 1000 primary X-rays of a

given wavelength are incident at the sample
base. Each box in the lower cycle represents 10

photons and each in the upper represents one.

These two cycles account for 990 of the original

1000 photons. The remaining 10 continue into the

third cycle and can be neglected. The diagonal,

D-30, (30 mm depth) relates to the 0.83A X-rays
in the paraffin matrix. Only the X-raj^s below this

line will be able to leave in the direction of the

crystal. This same grid can be used for the re-

maining three situations. The greater slope of the

three remaining dividing lines, D-19, D-4.8 and
D-3.0 is a consequence of not compressing the

grid to match the lesser depths.

The sum of the numbers under the respective

dividing lines is the number of X-rays of each

Table 1. Depth Required to Absorb
99%--mm.

Wavelength-A Paraffin ^^1%'^ +

Ni-K«, 1st Har.—1.66 12 7.3

2nd Harmonic—0.83 75 47.5

'd-30-^ -^0.83A X-RAYS IN PARAFFIN

DEPTH D-19-^ _ -^0.83 A X-RAYS IN PAR.+ 3 % S
IN mm

D-4.8 ^^
^l.66A X-RAYS IN PARAFFIN

0-3.0-*- -»—I.66A X-RAYS IN PAR. + 3 %S

y^
I A

SECONDARY \/ \

RADIATION / 1

''
! !

/
PRIMARY
RADIATION

Fig. 4. Depths to which 99% of primary radiation

of indicated wavelength can penetrate in two differ-

ent matrices and emerge as scattered radiation in a

specific direction.
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Fig. 5. Exponential attenuation grid.

wavelength in each matrix which scatter toward

the crystal. These are given in Table 2. It should

be realized that this is a simplified presentation

for explanatory^ purposes. In actual practice the

scattering is not a single-step process as indicated

above and it occurs in all directions. Primary

radiation which does not contribute to that which

is directed at the crystal is of no consequence

in this discussion and can be considered as if it

did not exist. Thus the ratio of the first harmonic

in the paraffin matrix to that of the first in the

sulfur-containing matrix is 0.965 which is different

from 0.894 which is the ratio for the second har-

monics.

Harmonic Ratio Inequality Between Samples
as Related to Monochromator Harmonic Trans-

mission Inequality. Through the use of a pulse-
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Table 2 Table 3. Degree of Matrix Compensation
Obtained.

Harmonic Matrix

Number of

X-rays that
Leave the

Sample in

the Direc-
tion of the
Crystal

1st (1.66A) Paraffin

1st " " + 3% S

2nd (0.83A) Paraffin

2nd " " + 3% S

932.1

966.3

747.2

835.7

-SAMPLES^

1st -5% 7%
2nd-87o 47o

REPRESENTING TWO
DIFFERENT Ni FREE

MATRICES
SAME SET OF DUAL_
'MONOCHROMATORS

CRYSTAL
EFFICIENCIES

COUNTS

-TOTALS-

-RATIOS -

PARAFFIN
-l-S

I

St 60
201 54

3.00 4,20

4 32 2 16

7.32 6,36

Fig. 6. Calculation model to demonstrate inter-

action of harmonic ratio inequality from two dif-

ferent type samples with harmonic transmission in-

equality between dual monochromators.

height analyzer it can be shown that crystals

differ in the efficiency of transmitting each har-

monic. This difference is more observable hi the

1st and 2nd harmonics for which the efficiencies

may be reversed. Such an efficiency variation

would also be expected of the detectors, although,

it may never have been demonstrated. The
combination, as they might exist in two mono-
chromators can result, to a greater or less degree,

in harmonic transmission inequality between

them. The interaction of such transmission in-

equality with the harmonic ratio inequality be-

tween samples can be illustrated b}^ means of the

schematic presentation shown in Fig. 6. By substi-

tuting various sets of conditions in this model, it

can be shown that at least three combinations will

result in matrix compensation.

1. Figure 6 illustrates the case in which the

harmonics from the sulfur-containing matrix are

each attenuated equally percentagewise, but the

harmonic transmission of each of the mono-
chromators is not the same. The resulting ratios

are equal.

2. If harmonic transmission equality existed be-

tween monochromators then the harmonics from
the sulfur-containing matrix would not need to

be attenuated equally percentagewise to give

equal ratios.

3. Of course, a combination of equal transmis-

sion and equal attenuation will give equal ratios.

Proof of Matrix Compensation. The second of

the three conditions in Fig. 6, involving eciuality of

harmonic transmission between monochromators,
was used to give matrix compensation. This was
accomplished by trial and error replacement and
exchange of crystals and detectors. No obvious

method more effective than trial and error has

been found.

Sample Composition

Material ^^^-^

Error as

c (y Equivalent
^' ^f' Nickel-ppm

n-Octadeeane
1-Methylnaphthalene
n-Hexadecylmercaptan

5.7 0.0 -0.06
13.0 0.0 +0 02

5.7 12.4 -0.10

Table 4. Results of Analyses of Actual
Plant Samples.

Plant Sample Description
Sulfur,

Nickel, ppm

Refinery 1

High-Sulfur Visbreaker 1.72

Gas Oil

Low-Sulfur Visbreaker 1.45

Oas Oil

Pitch Distillate 1.66

660°F. + Virgin Gas Oil 0.98

Vacuum Gas Oil 1.31

Heavy Virgin Gas Oil 1.17

Refinerv 2

Mixed Crude Gas Oil ^2.27

Vacuum Gas Oil 2.77

Vacuum Gas Oil 2.65

Gas Oil 1.23

Vacuum Gas Oil 2.28

Heavy Gas Oil 2.99

Refinery 3

Light Gas Oil "0.78

Vacuum Gas Oil 0.94

Combined Gas Oil 0.88

Heavy Blend 1.67

Refinery 4

Mixed Crude Heavy Gas 1.32

Oil

Mixed Crude Light Gas 1.24

Oil

Mixed Crude Medium Gas 1 . 22

Oil

]\Iixed Crude Medium Gas 0.26

Oil

Mixed Crude Blended Gas . 43

Oil

Refiner}^ 5

Mixed Crude Gas Oil No. 1 0.26

Mixed Crude Gas Oil No. 2 0.46

0.14

0.09

0.14

0.06

0.30 0.43

0.01 <0.02
0.13 0.12

0.01 <0.02

0.05 <0.02
0.02 <0.02

. 10 0.04

0.01 <0.02
0.01 <0.02
0.12 0.12

0.10 0.04

0.01 0.05

0.18 0.24

0.23 0.12

1.83 1.95

0.00 0.05

0.55 0.57

0.28 0.20

0.04 0.09

0.01 <0.05
0.39 0.39

If acceptable equahty of harmonic transmission

between monochromators has been obtained, ma-

trix compensation should exist. This can be de-

termined through the use of nickel-free materials

which should preferably represent matrix extremes

as anticipated in samples to be tested. Such a

group is shown in Table 3. Many other combina-

tions of crystals and detectors gave indicated

nickel contents ranging up to more than one part

per million.

Method Capability. Using the instrumentation

described above, a group of 23 plant samples was
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.2 .3 -4

Ni-PPM BY SULFURIC ASHING AND OPTICAL EMISSION FINISHING

Fig. 7. Comparison of nickel content of 23 plant samples by X-ray fluorescence vs. optical

tested and the results compared with those ob-

tained by ashing in the presence of sulfuric acid

and finishing by optical emission spectrometry.

These samples were obtained from 5 different

refineries and contained varying amounts of Fe,

V and S. Some were liquid at room temperature

and others were solid. The data pertaining to this

work are shown in Table 4, and Fig. 7 is a graphi-

cal plot of the X-ray vs. the ashing results.

A statistical evaluation of the data indicates

that the 2o- precision of the X-ray results is

0.07 ppm. This final result has been corrected for

0.1 ppm as the 2(r repeatability of the ashing

method.
In this work the net line to reference back-

ground was 1/500 at the 0.1 ppm Ni level in a

parafiinic hydrocarbon. The average of two ten-

minute integrations is the result reported. For
samples of high sulfur content (approximately

3 per cent) the integration time approached 15

minutes since a fixed count was taken.

Although this approach, in its present state,

cannot be readily used, it has demonstrated that

X-ray fluorescence possesses a sensitivity^ potential

at least an order of magnitude better than has been
generally accepted. This discussion has been limited

to nickel in hydrocarbon matrices but the method
should be readily adaptable to many other elements
in organic materials in general, as well as to aque-
ous-type media.
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C. C. Hale

TRACE METALS DETERMINATION IN PETROLEUM BY X-RAY

SPECTROMETRY: STANDARDIZATION AND CORREC-

TION TECHNIQUES

Nickel, vanadium, and iron often occur in

petroleum. These metals may occur in concen-

trations of less than 1 ppm to several hundred

ppm vanadium, over 100 ppm nickel, and several

ppm iron. Recent developments of X-raj^ spec-

trograph}^ often allow direct determination of

these metals in petroleum with little or no treat-

ment of the petroleum. The lower limit of de-

tection is approximateh' 1 ppm for the direct

methods, although a special instrument has been

described" that allows determination of nickel in

petroleum in the parts-per-bilhon range. Ashing

methods are available if the concentrations of the

metals in petroleum or petroleum products are less

than a few parts-per-million.

Corrections usually have to be made because

mass absorption coefficients of petroleums vary

greatly,^ mainly because of different sulfur con-
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centrations in different samples. In some cases

petroleums may contain brine; in these cases the

brine must be removed,' lethods independent

of the brine concentration must be used. Some of

the X-ray methods that have been used to deter-

mine trace elements in petroleum are listed and

briefly described below:

1. Water, if present is eliminated by centrifuga-

tion. The concentration of sulfur is determined by

any convenient method, and corrections are based

on the sulfur concentration. Since sulfur mainly is

responsible for matrix effects, this correction usu-

ally is sufficient. A conventional X-ray spectro-

graph is used to measure fluorescent intensities.

An inverted optics instrument is desirable.'

2. An internal standard such as cobalt or

chromium may be used. The internal standard

compensates for matrix effects, and peak inten-

sities are measured using a conventional X-ray

spectrograph. Since height of fiUing of the sample

holder is not critical, an ordinary optics instru-

ment may be used.^'

"

3. An emission-absorption method may be used.

Mass absorption coefficients are measured diioctly

and rapidly, and these are used to correct for

matrix effects. An inverted optics instrument is

desirable.^

4. X-ray scatter may be used as a standard.

Because the intensity of scatter is a function of

composition, the use of scatter intensity as an in-

ternal standard allows corrections for the matrix

effects usually encountered in petroleum analysis.-''

5. The sample may be wet-ashed with mineral

acids.*' ''• ® A more recent method is based on

benzene sulfonic acid ashing and the use of an

internal standard." Ashing methods usually are

used only for lower concentrations of the metals,

because ashing methods are slower than direct

methods in many cases.

6. Nickel may be determined directly in the

parts-per-billion range with a special dual-channel

instrument.^

The choice of the best method depends on the

concentration range of the elements, the equip-

ment available, and the nature of the samples. A
review of the papers describing the methods listed

above should permit selection of the most ap-

propriate method for a particvdar application.

The internal standard and emission-absorption

methods will be outlined as examples of two
methods.
A conventional optics X-ray spectrograph was

used, although an inverted optics instrument

would be desirable for the emission-absorption

method. A lithium fluoride analyzing crystal,

water-cooled sample holder^ and helium attach-

ment were used. Voltage and current regulation of

the instrument is important. Mass absorption co-

efficients for the emission-absorption method were

measured with an X-ray diffractometer converted

for absorption measurements.^ Background read-

ings should be taken as close to peak readings as is

practicable. Intensities were determined by con-

ventional fixed count methods.

Standards were prepared in an SAE 30 lubrica-

tion oil stock using National Spectrographic

Laboratories' nickel, vanadium and iron standards.

More recently, oil-soluble metal standards have

been made available by the National Bureau of

Standards. A constant weight fraction of blended

cobalt-chromium internal standard was added to

all calibration samples and unknowns when the

internal standard method was used.

For the internal standard method, the concen-

trations of metal in the calibration standards are

expressed by

:

M (ppm) = fiR)/R (1)

If the concentrations of metal, M (ppm), in the

standards are known, and if the ratios, R, of ana-

lytical to internal standard peak intensities are de-

termined, the function, }(R), may be expressed in

the form of the eciuation :

fiR) = c,R + C2 (2)

The Ci and co in the above equation are con-

stants which must be determined for each instru-

ment. Once the calibration data are obtained, the

concentrations of metals in petroleums may be
determined using Eq. (2) to determine j{R), fol-

lowed b^' use of Eq. (1) to determine concentra-
tions. When the internal standard method was
used,- calibration held up to several weeks, height
of filling of the sample holder was not critical,

and large variations in mass absorption coefficients

did not produce significant errors.

The emission-absorption method does not re-

ciuire treatment or the samples. Standards may be
prepared in the same manner as for the internal

standard method with the omission of the internal

standard. A calibration curve was prepared using
the corrected intensities and known concentra-
tions of the calibration standards. Mass absorp-
tion coefficients were measured and used to correct

for matrix effects. In many cases it is onl}^ neces-
sary to correct concentrations obtained using the
calibration curve by multiplication by the correc-

tion factor:

Mass absorption coefficient, sample

Mass absorption coefficient, standard
*

Mass absorption coefficients are measured by
comparing the intensities of the samples with that
of a standard after X-rays have passed through
absorption cells, of known thickness, filled with
the liquids of interest. The mass absorption co-
efficient of the standard may be calculated from
mass absorption coefficients of the elements. The
mass absorption coefficient of the unknown is

given by the equation

:

In /, — In Ijc -f picPcZ

where
Ic = intensity transmitted by standard,
Ix = intensity transmitted by unknown,
Pc = density of standard,

pjf = density of unknown,
z = thickness of absorption ceU.

Results of four methods for iron analysis in

the low cencentration range are compared in
Table L Since the same intensitv data were used
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Table 1. Comparison of X-ray
FOR Iron Determination.

Methods

Iron, ppm

Petro- Sulfur
internal Emission-

leum percent ^^^^^^ absorp-
ard tion

Sulfur
correction

Uncor-
rected
method

1 0.20 2.6 2

2 2.12 7.9 7

3 3.38 0.9 ^0
4 0.31 5.0 5

5 2.62 5.4 5

2.5

7

^0

5

1

5

2
4+

for all of the methods, any deviations should be

caused mainly by differences in the methods. The
oils were brine-free, so all of the methods with the

exception of the uncorrected external standard

method should thus give results in reasonable

agreement.
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C. W. Dwiggins, Jr.

TRACER TECHNIQUES WITH RADIOISOTOPES IN MEDI-

CINE*

By 1941 our interest in radiation effect on the

brain had led to the fact that the myelin sheath

of the nerve is first affected. An irradiated animal
may develop convulsions, brain wave changes, and
other objective signs, while the brain tissue itself

shows no gross or microscopic damage. If, however,
the tissue is examined with a petrographic micro-

scope (Fig. 1), the myelin is found to have lost its

optical properties, and with these, some of its

vital properties.

The radioactive-indicator techniciues of past

years have developed into what is now known as

"tracer technique." A modern tracer study consists

in introducing a radioactive isotope in simple
inorganic form or an isotope-labeled organic com-
pound into the system to be measured, and meas-
uring the distribution or localization of the iso-

tope. Often the rate of change of concentration of

the isotope in a lesion is the identifying factor,

and measurements must be made at intervals over
a period of time to obtain a valid result. Today
hundreds of such procedures are in everyday use,

and one example is shown in Fig. 2, which shows
an unidentified tumor in the midportion pi the

chest. One possibility is that the thyroid gland,

which normally occupies the position of a. small
bow tie, has enlarged into this area. The patient,

therefore, is given a tracer dose of radioactive
iodine. As shown in Fig. 3, in this case the-activit3^

can be measured over the affected area only so

long as the I^^^ is in the blood stream. It is not
concentrated by the tumor. The patient is then
given an infinitesimal quantity of radioactive

phosphorus, and this second isotope is concen-
trated very rapidly. The data obtained from the

* Presented at a Symposium honoring retire-
ment of Prof. G. L. Clark, University of Illinois,

Mav, 1960.

Fig. 1. Birefringence of myehnated tracts in the first order red:
A. Normal side; tracts shown dark are bright blue-green in color.
B. Irradiated side; only background color shows; birefringence has been lost (Panchro-

matic reproduction from Dufay color original.)
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two tracers, therefore, shows that this is not a

simple thyroid or enlargement of the blood vessels,

but is, in fact, a very fast-growing, malignant

tumor, since phosphorus concentration is primarily

a measure of growth rate. Because this type of

tracer study gives the surgeon extremely valuable

data in planning his approach to the problem,

these studies are in constant use.

An example of the general distribution type of

i
i

T.4BLE 1. Normal Blood Volume in a Well
Patient, Showing the Actual Counts and

THE Method of Calculation,

IHSA Standard 58.027 53.640 Net Standard

HoO 4.387

Wt: 115 lb.

Normal ml.

Blood 82.468

Plasma 131.046

Cells

Hematocrit

78.081 Net
126.659 Net

Calculation
Net Standard Count

Net Count
X 5K Vol

Fig. 2. Chest X-ray showing mediastinal Imno

unie

Scale Factor: 256 Counting Time: 6 min.

Actual dose to patient: 4.5 ^c

measurement is that of determining blood vol-

ume.^ For this a sterile solution of normal human

scrum albumin tagged with radioactive iodine is

prepared and a very small quantity injected into

the patient's vein. Prior to the use of the solution

a standard dilution and standardization must be

performed. After injection, time is allowed for

mixing (about six minutes in the usual case), after

' The method of determining blood volume with

iodinated normal human serum albumin was orig-

inated by Gibson. Many people have contributed

to its present development.

^"^ ~^ '
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Fig. 3. Concentration of P^^ in tumor shown in Fig. 2.
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which a blood sample is taken. By counting this

and comparing it to the count of the standard, the

total blood volume is quickly determined. While

this measurement is being made, a part of the

blood is centrifuged and a specimen of plasma is

counted. The results in a normal case are shown

in Table 1. These determinations are particularly

^•aluable in certain emergency situations, such as

one in which the victim had been injured in an

automobile accident. About 12 hours had elapsed

before much could be done for him. When seen

in the hospital he showed no signs of external

blood loss, but when his volume was determined

(Table 2) it was seen that he had actually suffered

a very significant loss. There was also a marked
discrepancy in the components of the blood

stream. A simple and rapid calculation showed
that the body had pulled in about a liter of fluid

from the tissues to make up the deficit from an

acute hemorrhage. Surgery was performed im-

mediately. The patient's abdomen was full of

blood, and in Fig. 4 we see, lying against the

surgeon's finger, the stump of the superior mes-
enteric artery which has been completely torn off.

This artery is the high-pressure fuel line which
supplies practically all of the small intestine and
two thirds of the large.

In contrast to this victim of an acute and mas-
sive injury, we occasionally see a person with a

sudden onset, such as fainting or falling resulting

from chronic blood leakage which has been going

on for a long period. Figure 5 shows the test tube

containing the blood which has been centrifuged.

Normally it should be almost half full of cells.

The actual figures show us that this patient had
lost about 2000 milliliters of cells and had been
drawing in tissue fluid to make up the volume,
until finally the time came when his whole oxygen-
carr^'ing system broke down. The patient in this

case had been treating his own gastric ulcer for a

matter of months.
Sometimes, in cases of acute injury there is no

time to permit a detailed quantitative procedure,
and the question of whether or not a patient is

bleeding internally must be determined in the

least possible number of minutes or seconds. For
this purpose a mobile scintillation counter can be

Table 2. Blood Volume in a Man About 12

Hours After Massive Hemorrhage
Due to Accidental Injury

The apparent deficit in total volume is only

48%, but 62% of the cell volume is missing. This
shows that about one liter, or nearly 25%, of the
plasma has been replaced by drawing tissue fluid

into the blood stream.

Fig. 4. Stump of torn superior mesenteric artery.

The patient had numerous tears in the mesenter\'
and other abdominal injury. He survived surge r}'

and recovered from this injury.

POUHD

Blood ?ol\m»
I|160 -

^ ° CD -^ WQMAL

—2600 sal.

plasma Volume "
rv) ~-

3560

1
_ ^ —

~
tv I— ~-

_ <a *"* —

Cell Volxime ~
rv) ~

600

i o -^

T„ H., 6-7-59

Fig. 5. Centrifuge tube showing disproportion in

blood components. The patient has a bleeding ulcer
of long standing. 77% of the cell volume has been
lost. The accompanying plasma loss has been re-

placed entirely', and a small gain in plasma volume
has been made by drawing in fluid.

Normal Found Deficit

Blood
Plasma
Cells

Hematocrit

7510

4190

3320

44%

3890

2030

1260

32.4%

3620 (48%)
1560 (37%)
2060 (62%)

0.62 X 4190

24.6%o.

2590 - 1560 = 1030 ml. Net gain

placed on a patient's thigh and its recorder started.

The tracer substance is then given into an arm
vein, and as shown in Fig. 6, the answer can be

obtained quickly. This is a composite of two rec-

ords; the upper curve being that of a normal
person. We see that the activity' in the circulatory

system rises to a plateau and remains fixed for a

long time. In the lower curve it rises but almost
immediately shows an acute fall, demonstrating



TRANSFORMS, CRYSTALLOGRAPHIC 1076

Fig. 6. Two recorder charts from mobile scintillation counter superimposed. The patient

represented by the upper curve has lost blood but is not losing rapidly at the present time.

Lower curve, patient still hemorrhaging internally.

that the tracer is mechanically escaping from the

vascular system, and therefore blood is escaping

at a significant rate.

The radioactive indicators of the remote past

were all poisonous. Only one man, in England, had

tried one on a human being (RaE, Bi'^°, Hevesy,

ca. 1923). The modern form of radioactive-indica-

tor technique has opened many new fields and in-

fluenced practically every phase of science and

industr^^

Kenneth E. Corrigan
Henrietta Hayden

TRANSFORMERS. See Betatron; Circuits, Electrical; Gen-

eration of X-Rays.

TRANSFORMS, OPTICAL, IN CRYSTAL STRUCTURE ANAL-

YSIS

"Crystal structure analysis" is in essence the

finding of the distribution of the atoms in the unit

cell which, when repeated, builds up the whole

crystal. If all atomic distances were very much
larger, of the order of 10"^ cm or more, then an

optical microscope could be used to view^ the atoms

directly and the structure would be found. The
scale of atoms is in fact three orders of magnitude

smaller, and X-rays have to be used instead of

light, since the wavelengths of light and X-rays

have the required ratio of a few thousand.

Now the operation of a microscope may be de-

scribed in two stages. First the object scatters the

incident light, and second the lens system focuses

the scattered light into the image. Unfortunately,

however. X-rays cannot be focused by "lenses" as

light or electrons can, so that an X-ray microscope

is not possible and the combining of the scattered

X-rays into an image has to be done by other

means. If the complete distribution of amplitude

and phase of the scattered X-rays were known
then the final image could be obtained by a

Fourier transformation, which is the mathematical

equivalent of the physical process of focusing with

a lens. The amplitude distribution of the scattered

radiation can be measured but not the phase dis-

tribution, so that the determination of the struc-
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ture can never be the straightforward production

of an image, since half the information required

is always missing. This is the basic "phase prob-

lem," and many methods have been devised to

solve or circumvent it. One such method involves

the use of ''optical transforms," using the close

analogy between the scattering of X-rays by atoms

(more strictly by the atomic electrons) and the

scattering of hght by objects and apertures.

(Mathematically the two processes are identical,

since for each the angular diffraction pattern is the

Fourier transform of the spatial distribution of

scattering material.) The term "optical transform"

usually denotes a photograph of the optical dif-

fraction pattern of an arrangement of holes in an

opaque sheet, and the opaque sheet with the holes

is called the "mask."

In the crystalline state the atomic pattern is

repeated regularly in three dimensions, and the

diffraction pattern is the continuous diffraction

pattern of one unit cell of the crystal structure

multipHed by the diffraction pattern of a set of

unit points defining the repeat lattice of the crystal

structure. Now the diffraction pattern of a lattice

of points is just another lattice of points in re-

ciprocal space, called the "reciprocal lattice," with

zero intensity in between the reciprocal lattice

points, so that the diffraction pattern of a crystal

structure is effectively the diffraction pattern of a

single unit of the crystal structure sampled at the

reciprocal lattice points. This is quite analogous

to the optical diffraction pattern of a grating,

which is the product of the continuous diffraction

pattern of a single unit of the grating (a slit) with

the diffraction pattern of a set of lines defining the

repeat unit of the grating. The diffraction pattern

of the set of lines is a "reciprocal" set of discrete

lines, and the grating diffraction pattern is thus

the continuous diffraction pattern of a single sht

sampled at the reciprocal set of lines.

To extend the analogy further, an actual crystal

structure can be described as a group of atoms of

finite size and thermal movement built into a

unit cell which is then repeated by the crystal

lattice, and this corresponds to a diffraction grating

composed of a group of slits of finite width re-

peated by the grating translation. The continuous

diffraction pattern of one unit cell can then be

considered as the product of the continuous dif-

fraction pattern of one unit cell of point atoms

with the diffraction pattern of a single atom of

finite size and thermal motion. It is convenient to

correct the diffraction pattern for the effect of the

finite atomic size and motion, and the resulting

distribution of the diffracted intensity, sampled at

the reciprocal lattice points because of the crys-

tallinit}^ is called the "weighted reciprocal lattice"

and is the diffracted intensity that the crystal

would give if it were composed of point atoms at

rest.

The major difference between the diffraction of

X-raj^s bj^ a cr3'stal and the diffraction of light by

a mask is that although they are both three-di-

mentional effects the light diffraction maj^ be con-

sidered as a two-dimensional effect because of the

smallness of the wavelength of light compared

with the mask size. The entire light diffraction

pattern of a mask may therefore be observed with

normal illumination. The weighted reciprocal lat-

tice, however, is a three-dimensional lattice, and

all the orders of X-ray diffraction can only be

recorded by using a complete range of angles of

incidence and diffraction.

Optical transforms are normally used in two-

dimensional structure work, and the diffraction

pattern of a projection of a crystal structure is

the central section of the weighted reciprocal lat-

tice of the crystal structure which is perpendicular

to the direction of projection. The mask of holes

which is used to represent the crystal is planar, so

that it corresponds to the crystal structure in pro-

jection, and the optical transform is equivalent to

the central section of the weighted reciprocal lat-

tice.

Production of Optical Transforms. In order

to produce an optical diffraction pattern on the

same angular scale as the X-ray pattern, the scale

of the optical mask would have to be of the order

of 5000 times larger than the crystal unit cell scale,

i.e. of the order of 10"* cms. This is an incon-

veniently small scale, and masks are used with a

scale of approximately a centimeter. The diffrac-

tion pattern is therefore confined to a very narrow

cone of angles, and a more complex optical system

is needed to magnify and record the pattern. It is

of great practical importance that masks should be

easily made, since one of the main advantages of

the method is simphcity of use, and it is better

to have complex optics than complex mask pro-

duction.

The Optical Diffractometer. The usual dimen-

sion of the mask area covered by holes is of the

order of a centimeter, so that the optical equip-

ment for viewing the diffraction pattern (termed

an "optical diffractometer") must be capable of a

resolution of a few seconds of arc.

The essential features of a typical diffractometer

are shown in Fig. 1. A is the primary source, usu-

ally a 250-watt compact-source mercury-vapor arc

lamp, with a condenser lens to focus the light on

to a pinhole B, which acts as a secondary source. A
filter is used to isolate the mercury yellow lines

which have the greatest total intensity in the high

pressure arc. C and D are the main lenses. They

need not be identical; in fact, one lens of half the

focal length could be used instead, but the use of

two lenses enables spherical aberration to be min-

imized. The focal lengths are usually about 1.5

meters. The mask is placed between the lenses at

0. ^ is a mirror which reflects the light upwards

so that the viewing microscope can be placed con-

veniently near the mask. F is the back focal plane

of D in which the final pattern is observed by the

microscope or in which the film is placed for

photography. A simple camera arrangement con-

sisting of a magazine of 35-mm film can be easily

attached and used. For this purpose the entire

diffractometer is mounted in a dark room.

The diffraction pattern is very sensitive to any

faults in the instrument and there are four main

criteria for good operation

:

1. Lens and ynirror perfection. The two main
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Fig. 1. Scheme of the instrument used for produc-
ing the diffraction patterns. [From Taylor, C. A.,

Hinde, R. M., and Lipson, H., Acta Cryst.. 4, 262
(1951).]

lenses, the microscope objective and the mirror
must all have good detailed performance over the
whole illuminated area, not merely a good, aver-
age, over-all performance. Any bubbles, striae, im-
perfections in blooming, condensation, grease
spots, or dust, will ruin the performance. The
mirror should be of at least the optical quahty of

the main lenses, and this may require the figuring

to be flat to within X/20. It should be aluminized
on the front surface and protected with a layer of

"hard" blooming.
2. Accurate alignment. All optical components

must be capable of lateral and angular adjust-
ments so that they may be lined up accuratelj' to
have a common optical axis. The instrument must
also be completely rigid mechanically.

3. Accurate focusing. The diffraction pattern
must be observed and photographed precisely in

the back focal plane of the lower main lens. If

not, it may be quite different from the true pattern.
4. Perfect phase regularity. The phase of the

light emerging from the pinhole must be regular,

and the most important aspect of the illuminating
system is the degree of coherence of the hght. In
order to obtain coherent illumination of the pin-
hole the pinhole diameter must be small com-
pared with the diameter of the Airy disk of the
condenser, but this means that the condenser lens

must be small and the illumination very weak.
It is usually considered best, therefore, to illumi-

nate the pinhole incoherently by using a large

condenser lens. Even with an incoherently illumi-

nated pinhole the light falhng on the mask has

a sufficient degree of coherence if the Air3^ disk

of the pinhole in the plane of the mask is larger

than the area covered by holes in the mask. This

means that the pinhole size must be chosen for

each mask to satisfy this condition. The larger the

mask, the smaller the required pinhole. A range of

three pinholes, of diameter 7.5, 15 and 30 /x say, is

quite sufficient. The pinhole size must be large

enough to keep the photographic exposure rea-

sonably short but small enough to ensure coherent

illumination over the punched area of the mask.

If any of the above conditions is not fulfilled, the

pattern may be drastically altered. It is even

possible for maxima and minima to be reversed.

An imperfect pattern can often be spotted by the

lack of a center of symmetry or a general lack

of expected resolution.

The mask itself may be conveniently prepared

on a pantograph machine, which punches holes to

correspond on a reduced scale to a diagram of the

molecule or arrangement of atoms. A suitable ma-
terial for the mask is unused, substandard X-ray

film, but any opaque material wall do. The punched

holes have diameters in the range 0.5 to 1.5 mm.
The hole diameter should be proportional tovZ^
where Z is the atomic number of the atom being

represented, but a more elaborate way of allowing

for different scattering factors is needed if the

range of atomic numbers in the structure is ap-

preciable.

In order to compare the optical transform with a

weighted reciprocal lattice it is necessary to know
both the scale and the orientation of the optical

transform relative to the weighted reciprocal lat-

tice. This is most conveniently done by punching

an additional row of holes on the mask of a spacing

equivalent to lA and parallel to one of the axes.

The transform of this row of holes is a set of fringes

of spacing equivalent to 1A~^ and parallel to a re-

ciprocal axis.

The photographed optical transform has a diam-

eter of only a millimeter, but this is printed by a

microenlarger on a scale of 5 cm = L\~^, say,

using the fringes to give the enlargement factor.

As the extra row of holes is on the same mask as

the other holes they interfere together to some ex-

tent, so that the fringes distort the transform of

the other holes slightly. It is best therefore to

take two transforms, one of the required holes

and the calibration holes, and the other of the re-

quired holes with the calibration holes covered.

The position of the calibration fringes can then be

transferred to the undisturbed optical transform.

Use of the Optical Transform. The optical

transform of a trial structure can now be compared

with the weighted reciprocal lattice. This is most

easily done by drawing the weighted reciprocal lat-

tice on tracing paper on the scale of 5 cm = 1A"\

with different-sized black spots to represent dif-

ferent weights (the weight being proportional to

the amplitude of scattered X-rays), and super-

posing this trace on the optical transform. Figure

2 shows on the left an example of a w^eighted

reciprocal lattice, on the right the optical trans-

form of one unit cell of the correct structure, and
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Fig 2 The final optical agreement. On the left is the hQl section of the weighted reciproc-al

lattice with approximate unitary structure factors and the complete data; pn the right is the

optical transform of one unit cell; in the centre the two are superimposed. [From Crowder,

M M Morlev, K. A., and Taylor, C. A., Acta Cryst., 12, 110 (1959).]

in the center the two superposed (Crowder, Mor-

ley and Taylor, 1959, Acta Cryst., 12, 108).

If the mask represents one unit cell of the trial

structure then the transform is a continuous func-

tion. The weighted reciprocal lattice is, however,

a sample of the continuous transform of one unit

cell of the real structure, sampled at the reciprocal

lattice points. The weighted reciprocal lattice is

therefore compared not merely with the optical

transform at the reciprocal lattice points but also

with the optical transform around the reciprocal

lattice points, and hence with the transform slope at

the points. The points on a large slope show where

the agreement is sensitive to small changes in the

trial structure, and if these are points of poor

agreement then they can probably be improved.

The use of the continuous transform rather than

the structure factors calculated only at the re-

ciprocal lattice points thus enables two questions

to be answered. First, is the trial structure correct?

Secondly, if the trial structure is near to the cor-

rect solution in what way must it be changed to

improve the agreement? In order to answer the

second question, some relationships between the

mask and its transform must be known, for to

change the transform the mask must be changed.

The usefulness of the optical diffractometer in

the gaining of a knowledge and grasp of the mask-

transform relation is perhaps its greatest asset. It

is easy and quick to punch masks and study their

transforms, and the effect of various small sys-

tematic changes in the masks can be understood

visually and generalized. Experience gained in this

way can greatly help both in the interpretation of

the features of the weighted reciprocal lattice and

in the deduction of changes in the mask which

will improve the agreement. A few of the more
obvious and prominent relations between mask
and transform, or ciystal-structure projection and

weighted reciprocal lattice (central section), will

be mentioned.
Symmetry. The transform symmetry is the

Laue point group of the mask, i.e., the transform

point group is the mask point group with a center

of sj^mmetry added if absent. If the transform

lacks an exact center of sj^mmetry then the dif-

fractometer is out of adjustment. The symmetry of

part or all of a molecule may be different from

the plane group symmetry (a common example

being a molecule containing a benzene ring in a

rectangular plane group), and in the weighted re-

ciprocal lattice the features with the Laue sym-

metry corresponding to the molecular symmetry

may be distinguished in the over-all plane group

Laue symmetry of the weighted reciprocal lattice

as a whole. This is made easier by the fact that

the molecular feature with different symmetry is

smaller, usually considerably smaller, than the cell

size. Because the mask-transform relation is a

Fourier one, the ''texture" of the transform of the

molecular feature is correspondingly greater than

the "texture" of the weighted reciprocal lattice,

and the transform maxima for the molecular fea-

ture will spread over several reciprocal lattice

points, being sampled at these points.

The prominent ''molecular feature" need not

have special symmetry, as long as it has a readily

recognisable transform that can be picked out from

a weighted reciprocal lattice. Examples are aU-

phatic chains, rings, groups such as sulphates, and

small regular molecules such as urea, succinic acid,

and many others.

Tilting of a Molecular Feature. As an example

of a prominent molecular feature, a benzene ring

will be considered. If the benzene ring is perpendic-

ular to the direction of projection, then the holes

in the mask corresponding to it will form a regular

hexagon, and the transform peaks will also have

sixfold symmetry. If the ring perpendicular is tihed

away from the direction of projection, however,

the projected ring will be foreshortened in one

direction, and the transform peaks will be corre-

spondingly further from the origin of the weighted

reciprocal lattice in this direction. Thus if the

transform has six peaks in a hexagon which is

pulled out in one direction then the angle and di-

rection of tilt of the benzene ring can be estimated.

The orientation of the ring in the projection can

of course also be deduced from the transform peak

positions.

Origin peak shape. The origin peak of the

transform of a molecule will have dimensions
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rather larger than the reciprocal lattice repeat, so

that the origin peak will overlap several reciprocal

lattice points. Its shape can thus be approximately

deduced from the weighted reciprocal lattice. The
origin peak corresponds to the transform of the

whole molecular outline, and its shape can there-

fore be used to deduce the orientation of the mole-

cule or the shape in projection of an unknown
molecule.

Fringing. The relationship between mask and

transform has been discussed above for a single

molecule or distinctive group of atoms. If the

unit cell is more complicated, with several atomic

groups related by symmetry, then the relationship

is more complicated and involves fringes in the

transform. The simplest instance occurs when the

molecule is repeated in a parallel orientation, dis-

placed by some vector. The optical transform con-

sists of the molecular transform multiplied by a

straight fringing function which corresponds to the

displacement vector. A unit cell containing two
heavy atoms is the simplest example of this, and

the fringing immediately gives the interatomic

vector. A similar instance occurs when the mole-
cule is repeated by a center of symmetry. The two
molecules then have the same transform (by

Friedel's law), but the fringe function is more
complicated as the molecules are antiparallel. The
most complicated cases involve more than two
molecules, e.g., in plane group pgg with two pairs

of molecules, each pair being related by a center of

symmetry. The relative orientation of the pairs

is arbitrary, and the transform is compounded
from the molecular transform in two orientations,

the fringe function due to the center of S3'mmetry

in two orientations, and fringe functions due to

vectors such as (y2,^/2). With experience these

can be recognized in a weighted reciprocal lattice

and separated.

The Solution of the Structure. This will de-

pend on the recognition and separation of the

prominent features of the weighted reciprocal lat-

tice, and the experience gained from studying the

transforms of many different kinds of masks and
mask changes is usually the most important
factor in the solution.

It should be emphasized that, once an optical

diffractometer has been set up and aligned, it is

both quick and cheap to make masks and trans-

forms. When a trial structure has been proposed
from a study of the weighted reciprocal lattice it

is easier to punch a mask and compare the trans-

form with the weighted reciprocal lattice than to

spend a long time considering all the implications

of the trial structure. With experience it can be
reliably decided whether the trial structure is right

or wrong and whether a wrong structure can be
altered to improve the fit.

For structures with discrete units such as mole-
cules the usual procedure is firstly to find the

shape and orientation of the molecule, without con-

sidering its relation to other molecules, and sec-

ondly to consider its position in the unit cell. The
effect of taking a molecule on its own is to ignore

the fringing functions due to the interaction of

molecules. Now the weighted reciprocal lattice is

a sample of the true molecular transform multi-

plied by fringing factors varying between zero and
unity so that if the transform is too large at a

reciprocal lattice point it might later be reduced

to the correct weight by the fringing. If the trans-

form is too small at any point, however, this fring-

ing factor cannot increase it, and the proposed

molecule is in error. Thus the points where the

transform is too small are carefulh' considered and
improved. If it is decided that the molecule is es-

sentially correct then the fringing is investigated.

Reciprocal lattice points where the transform is too

large indicate where the fringing function is small,

and the positions of the molecules in the unit cell

can usuall.y be deduced from these, using struc-

ture-factor graphs or the molecular location

method. It is best to select reciprocal lattice points

which are in the middle of a broad transform peak
so that the transform value would be little affected

by small errors in the molecule itself.

Other Uses of Optical Transforms. The normal
use of ojjtical transforms has been described, but

the method may be extended to give optical trans-

forms corresponding to noncentral sections of the

weighted reciprocal lattice b}^ altering the phase

of the light as it goes through each hole, the phase
change depending on the third coordinate of each

atom. Other special uses include the determination

of the phase signs of the transform peaks for a

centrosymmetric mask b>- the addition of an extra

liole at the center of s\-ininetry; the production of

Patterson functions fioni masks representing the

weighted reciprocal lattice; the method of image
recombination, whereby the change required in the

mask to produce a given change in the transform

can be found directl.y using the diffractometer;

and applications in fiber and disorder problems.

In addition, an optical diffractometer has been

found useful as an analogue device for acoustic

liarmonic anah'sis.

Advantages and Disadvantages. In comparing
the use of optical transforms with other methods
of crystal-structure anah'sis the main advantages

are the rapidity and cheapness of the production

of masks and transforms, the continuous nature of

the transform whereby an estimate of mask
changes can be made, and the fact that the method
is a visual one. It seems a great advantage that the

whole transform can be assessed and taken in

visually. The limitations and disadvantages are

that the results are qualitative, with the shape
of the atomic scattering factor curves ignored, and
atomic positions only approximate. It is difficult

to represent partially overlapped atoms in a mask,
and this limits the complexity of a problem which
can be tackled.

Summary. The main use of optical transforms

is in the early stages of ciystal-structure analysis,

and the disadvantages mentioned above do not
much matter, apart from the effect of overlap. The
ease with which structures can be tried, the expe-
rience gained in the interpretation of weighted re-

ciprocal lattices, and the visual comprehension,
make the method ver}^ useful.
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TRIGLYCERIDES, CRYSTAL STRUCTURES OF

The "multiple" melting-point behavior exhibited

by triglycerides has been the subject of investiga-

tions for many years. In 1849, Heintz^ showed that

when molten tristearin was rapidly solidified, it

melted at 52°C. He also observed that upon further

heating tristearin resolidified and exhibited a sec-

ond higher melting point at 65°C. Duffey,^ in 1853,

reported that tristearin exhibited three melting

points having the values 52, 64.2 and 69.7°C. Still

later (1903), Guth'^ described a "double" melting

of tristearin. These authors speculated that the

different melting points suggested the existence of

several isomeric forms of tristearin.

The description of the physical behavior of tri-

glycerides was seldom reported clearly in these

early investigations of melting-point phenomena.
The variations in the values of the reported melt-

ing points resulted in considerable confusion. It

was impossible to reconcile these differences be-

cause the melting points were measured by various

methods and with compounds prepared by differ-

ent and often undescribed means. Indeed, until the

advent of Malkin's work, there had evolved no defi-

nite basis for the understanding of the physical be-

havior of the triglycerides. In the period from 1929

to 1939, Malkin and his co-workers published the re-

sults of a series of X-ray diffraction studies which
had been made with triglycerides. These results

clearly revealed that the multiple melting point

phenomenon was due to polymorphism. The work
of this group was interrupted during World War II

but was resumed in 1945. Concurrently, similar

investigations were conducted by Lutton, Daubert,
and their co-workers in the United States. The
results of the investigations conducted by these

three groups from 1945 to 1955. clarified much of

the confusion that had arisen from the early ther-

mal studies. They pointed out the necessity of re-

lating thermal and X-ray data to specific poly-
morphic forms.

Although X-ray diffraction investigations have
aided considerably in revealing the nature of the
polymorphism of triglycerides, understanding has
not been achieved without some confusion. The

Table 1. CLy^ssiFiCATioN of Triglyceride
Crystal Forms

Melting Point
Designated Name

(Malkin) (Lutton)

Highest Beta
Lower Beta Prime
Lower Alpha
Lowest Vitreou.^

Beta

Beta Prime
Alpha

difficulties encountered in understanding the na-

ture of polymorphism have not been lessened by
the differences in viewpoints which have arisen

among the various investigators. The major con-

cepts which currently persist have evolved into two
quite distinct schools of thought, the European
opinions proposed by Malkin,* and the American
opinions proposed by Lutton.^ All other ideas

about the polymorphism of triglycerides are

merely modifications of these two major interpre-

tations. These two schools disagree on the number
of polymorphic forms which triglycerides exhibit,

the names by which the various forms should be

designated, and the criteria by which these forms

should be characterized. The classifications of tri-

glyceride polymorphs proposed by Malkin and
Lutton are compared in Table 1. Malkin states

that triglycerides exhibit four solid forms. Lutton
maintains that they exist in only three solid forms.

According to Malkin, the lowest melting form, in

which the triglycerides first solidify upon cooling,

exhibits vitreous or glasslike properties and trans-

forms rapidly to the alpha crystalline form. Lut-

ton, however, states that no vitreous form exists.

He maintains that upon rapid cooling the mole-
cules assume the orientation characteristics of the

alpha crystalline form. Thus, the second crystal-

line form is beta prime according to Lutton. The
form which Malkin called beta prime has never
been recognized by Lutton. Others, however, have
reported observing this form.®- ^ All investigators

conform in calling the highest melting, most stable

form the beta modification.

Despite their basic differences, each of the inter-

pretations appears to explain much of the observed
physical behavior of the triglycerides. The ex-

perimental data which support the various inter-

pretations appear to be well-founded, but a critical

survey of the literature on the subject suggests

that perhaps there has been too much stress on fit-

ting experimental data into arbitrary categories on
the basis of previous empirical knowledge. The
subseciuent discussion of triglyceride polymorphism
in terms of the spatial arrangements in which the

molecules can conceivably exist provides a basis

for reconciling Malkin's and Lutton 's divergent

interpretations. To avoid further confusion by as-

signing new names to the various cr3'stal forms,
the terms alpha, beta prime, and beta will be re-

tained for the forms identified by the specific

criteria listed below. The term intermediate is in-

troduced to identify the form which exists between
the beta prime and beta forms, the modification
which is the source of the only real disagreement
between Malkin and Lutton.



TRIGLYCERIDES, STRUCTURES 1082

Fig. 1. Alignment of chains in the alpha form.

Theoretical Considerations. The first problem

in the study of the crystal structure of organic

compounds is to determine the orientation of the

molecules in the crystal. The approach adopted

here is essentially that proposed by Bragg in 1925

and Orelkin in 1929. They pointed out that or-

ganic crystals can be considered in terms of the

packing of molecules of definite shape. The sizes

and shapes of these molecules are determined by

geometrical factors, namely, interatomic distances,

valence angles, and intermolecular radii. Data

on intermolecular radii, bond lengths, and valence

angles are obtained from studies made by X-ray

diffraction, electron diffraction, spectroscopy, etc.

These physical analyses provide results from which

a model, at least to a first approximation, can be

constructed for any organic molecule. Man^^ in-

vestigators, since Bragg and Orelkin, have shown
that the shape of a molecule determined from uni-

versal intermolecular radii is a ph3^sical entity. In

particular, organic crystals are constructed so that

the projections of one molecule enter the hollows

in another.

The nature of the packing then comes under

consideration. Since the greater part of the tri-

glyceride molecule consists of paraffin chains, the

theoretical packing of paraffin chains in crj^stal

lattices will be considered. In the liquid state,

paraffin chains are free to move about in quite an

unrestricted fashion. With this freedom of motion,

the paraffin chains rotate continuously about their

carbon-to-carbon bonds. Hence, at any given

moment, the hydrogen atoms on the carbons will

be spaced at random around the long axes of the

chains.

If paraffinlike molecules could somehow be

solidified instantaneously from the liquid state, it

is conceivable that they could be trapped in a

solid state in which there would be no systematic

orientation of the molecules. Such an amorphous

condition would correspond to Malkin's vitreous

form. However, a fact which cannot be ignored

militates against such a situation. Mariy experi-

ments' in w^hich triglycerides were solidified on

microscope slides demonstrated that the first solid

which appeared in every instance refracted polar-

ized light. This indicates that some sort of long-

range molecular ordering always occurs immedi-

ately on solidification. For this reason, the vitreous

form wnll not be considered further, although

under very unusual circumstances its occurrence is

a remote possibility.

Lateral Orientation in the Alpha Form. It

must be assumed from interpretations of polarized-

light microscopy that some sort of crystalline ori-

entation occurs as the molecules solidify during

cooling from the liquid state. It is deduced, there-

fore, that the paraffin chains will pack together

in the initial lattice much like logs in a stack of

cordwood. In such an arrangement, the long axes

of the paraffin chain.- will pack parallel with each

other and perpendicular to the plane of the

glvceryl grou])s as shown in Fig. 1. The chains are

thus oriented laterally in a hexagonal arrangement

and, because of the random rotational distribu-

tion of tlie liydrogen atoms, the centers of the

cliains will be separated equidistantly. Using the

genciallA- accepted values for the atomic radii of

carbon and hydrogen and the tetrahedral angles

of carl)on-carbon covalent bonds,® it is calculated

from tlie graphical projection of the lattice that

the spacings of this molecular orientation will be

4.15A m all three lateral directions.

Lateral Orientation in the Beta Prime Form.

When the molecules are packed together in this

order of proximity, the intermolecular attractive

forces (Van der Waals forces) become exceedingly

strong. These forces will cause the vibrating mole-

cules to pack more closely into spaces between the

chains as indicated in Fig. 2. As the paraffin chains

approach each other more closely, their circular

cross sections will overlap as shown. As the chains

pack closer together, their long axes must of neces-

sity tilt with respect to the plane of the glyceryl

groups in order to accommodate the hydrogen

atoms into the spaces between the atoms of the

neighboring molecules. In this particular orienta-

tion, the long axes of the paraffin chains make an

angle of 68 to 70° with the planes of the glyceryl

groups. In this chain alignment, the axes of the

molecules are spaced at 3.80A in two lateral direc-

tions and at 4.20A in the third lateral direction.

Lateral Orientation in the Intermediate Form.

Inspection of the lateral packing of paraffin

chains in the beta prime form indicates that, al-

though the postulated tilting of the molecules per-

mits the hydrogen atoms to fit into available

spaces in one lateral direction, the chains will still

be separated in such a manner as to allow a closer

packing of hvdrogen atoms in the other lateral

directions. The vibrating molecules, under the

influence of strong intermolecular forces, will pack
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GLYCERYL GROUPS

Fig. 2. Alignment of chains in the beta pmne form.

closer, and the hydrogen atoms will approach
nearer together in all directions, as indicated in

Fig. 3. Such packing will result in a further tilt

of the molecules with respect to the plane of the

glyceryl groups. At an angle of tilt of 65°, the lat-

tice planes are spaced at 3.75A in two directions

and at 4.15A in the third direction.

Lateral Orientation in the Beta Form. The
continuous molecular vibrations and the inter-

molecular attractive forces cause the carbon chains
to align themselves in the generally accepted, regu-
lar, zigzag configuration shown in Fig. 4. In this

orientation, the paraffin chains pack in the closest

possible proximity so that the empty spaces be-
tween molecules have the least possible volume.
In this close-packed arrangement, the long axes of

the paraffin chains are tilted at an angle of 59°

with respect to the plane of the glyceryl groups.
The primary lattice planes in this case are spaced
at 2.28, 2.55, 3.65, and 3.85A. Of these, the two
shortest spacings coincide with other molecular di-

mensions related to distances between successive
and alternate carbon atoms in paraffin chains.

Consequently, only the 3.65 and 3.85A spacings
are considered as distinguishing characteristics of

the beta crystal lattice.

Orientation of the Glyceryl Groups. In the
prior discussions, it was assumed that the mole-
cules are oriented so that the glyceryl groups lie

in definite planes in the crystal lattice. This is the
most probable orientation on the basis of the
study of molecular models. This assumption is con-
firmed by the fact that triglycerides exhibit long

X-ray spacings. The discussion of the long spacings

appears in another section of this discussion.

Figure 5 shows various aspects of the atomic
configuration in the glyceryl group based on the

generally accepted dimensions of the atoms. Since

each glyceryl group is bonded to three fatty acid

radicals, it is apparent, because of spatial limita-

tions and restrictions of bond angles that the three

ether oxygens bonded to the glyceryl carbon atoms
cannot be in the same plane. Therefore, any two
paraffin chains must lie above the plane of the

Fig. 3. Cross-sectional arrangement of chains in

the intermediate form.

PLANE OF
GLYCERYL GROUPS

~V
/oV

/I'
//f
/v ,

2.2TA.

Fig. 4. Alignment of chains in the beta form.
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Front View- Side View

Top View

Fig. 5. Diagram of atomic arrangement in the

glycerol group.

Fig. 6. Cross section of the alpha triglyceride

crystal in the plane of the glyceryl groups.

glyceryl groups and the other must lie below, or

vice versa. In order to fill the available space com-

pactly, adjacent pairs of triglyceride molecules

must be aligned oppositely, so that two paraffin

chains of one molecule he adjacent to, and parallel

with, one chain of the neighboring molecule. The

other chain of the first molecule thus lies parallel

with the other two chains of the neighboring mole-

cule.

In Fig. 6 the longitundinal cross sections of the

glyceryl groups have been superimposed on the

paraffin-chain lattice of the least densely packed

alpha form previously shown in Fig. 1. In this rela-

tively open lattice structure, there is ample space

for the glyceryl groups to move about with re-

spect to the fatty acid radicals with which they are

associated. Because of the random disorder of the

glyceryl groups, they will contribute no distinctive

diffraction pattern to patterns which relate to ori-

entations of the alpha form.

Figure 7 shows the outlines of the glyceryl

groups superimposed on the cross-sectional dia-

gram of the paraffin chains of the most densely

packed beta form previously illustrated in Fig. 4.

In this case, the glyceryl groups must be oriented

in a systematic fashion, as indicated, in order to fit

into the available space. In this ordered arrange-

ment, the atoms of the glyceryl groups will be

aligned in systematic planes spaced at 4.58A in

two directions and at about 6.5A in the third direc-

tion. The latter spacing would quite likely be

somewhat diffused, for the atomic density of the

glyceryl groups is not so great in the longitudinal

direction (coincident with the chain axes) as in

the lateral direction.

It can be seen that aside from the disordered

arrangement of the glyceryl groups shown in Fig.

6 and their closely packed arrangement shown in

Fig. 7, there could exist additional degrees of ori-

entation, depending on the extent of packing of

the paraffin chains. The beta prime lattice shown

in Fig. 2 allows sufficient space for the glyceryl

groups to assume an orientation that is nearly as

unrestricted as the arrangement in Fig. 6. Here

again, the X-ray diffraction pattern will not exhibit

characteristic spacings attributable to the glyceryl

groups. The intermediate lattice shown in Fig. 3,

however, requires almost as high a degree of order

of the glyceryl groups as that in Fig. 7. In this case,

it is estimated that the glyceryl groups will ex-

hibit a characteristic spacing in the neighborhood

of 4.60 to 4.65A. Thus, the intermediate form is

the first which exhibits glycerjd spacings in the

successive transformations from loosely to densely

packed lattices.

Longitudinal Orientation of Triglyceride

Molecules. In addition to the spacings attributable

to the lateral orientations of the paraffin chains

and to the ordered arrangements of the glyceryl

groups, each triglyceride polymorph exhibits char-

acteristic longer spacings related to the longitudinal

orientation of the molecules. All the evidence con-

firms the "tuning-fork" alignment of triglyceride

molecules proposed by Malkin.* As illustrated in

Fig. 8A, any two of the fatty acid paraffin chains

are situated above the plane of the glyceryl groups

and the third is located below, in the general form

of a tuning fork. The adjacent molecule will be ar-

ranged in an opposite position, as shown.

Long Spacings of the Vertical (Alpha) Form.

During the solidification process, the paired mole-

cules arrange themselves in layers as indicated in

Fig. SB. When the layers of triglyceride molecules

are viewed from a direction normal to the long

axes of the paraffin chains, planes of high atomic

density formed by the glyceryl groups are ob-
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Fig. 7. Cross section of the beta triglyceride crystal in the plane of the glyceryl groups.

served When these molecular layers are properly

aligned in the X-ray beam, the Bragg condition

for reinforced reflections is satisfied. The x-ray

diffraction of the alpha form exhibits a long spac-

ing of length D, which corresponds to the total

length of two paraffin chains plus the diameter of

glyceryl group. Obviously, the long spacing D will

vary from triglyceride to triglyceride, depending

on the number of carbon atoms in the respective

fatty-acid chains.

Long Spacings of Tilted Forms. With trans-

formation to the forms in which the molecules are

tilted with respect to the plane of the glyceryl

groups, the perpendicular distance between suc-

cessive planes of the glyceryl groups will be de-

creased by an amount proportional to the sine of

the angle of tilt (6), as shown in Fig. 8C. Thus,

the long spacings of the tilted forms will be ob-

served as D'. The angle of tilt of the molecular

chains in any polymorph can be calculated from

measurement of its long spacing and that of the

corresponding vertical (alpha) form.

From known atomic dimensions and configura-

tions, the long spacing of the vertical form of

tristearin has been estimated*^ to be 50.5A. Using

this value, the long spacing of its polymorph ex-

hibiting an angle of tilt of 68 to 70° is about 47A,

and that of its stable form with an angle of tilt

of 60° is about 45.2A. Other triglycerides exhibit

corresponding long spacings, varying in proportion

to the length of their paraffin chains.

It has been reported^ that in many instances

triglycerides exhibit extraordinarily long spacings.

This reference suggests that in crystals formed

by triglycerides containing heterogeneous fatty-

acid groups, there is a sorting of paraffin chains

so that like chains are aligned with like, as shown

in Fig. 9A. The "triple-chain-length" spacing D3 is

thus the sum of three chain lengths plus the diam-

eters of two glyceryl groups. This interpretation

presupposes that X-rays are diffracted by the ends

of the paraffin chains, i.e., the methjd groups. But

-r__l =^pr^ : Glyceryl :
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Fig. 8. Molecular arrangement in the ciystal.

such is not the case. X-rays are diffracted only by

planes of relatively high atomic density. As men-

tioned above, in the case of triglycerides the

glyceryl groups diffract X-rays in the longitudinal

direction. If there were ahgnment of like chains

with like, as has been suggested, the packing of

successive lavers of molecules would be like that
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Fig. 9. Triple chain length arrangement.

indicated in Fig. 9B. In such an arrangement, the
long spacings would correspond, not to three chain
lengths, but to the lengths of the individual chains,

as indicated. However, the double-chain-length,
tuning-fork arrangement originally proposed by
Malkin appears to be the correct interpretation of
the observed data.

Criteria for Proposed Classification of Tri-
glyceride Polymorphs. On the basis of the fore-
going considerations, the triglycerides present a
series of four progressively more thoroughly ori-

ented crystal forms. The triglyceride polymorphs
are identified according to the following criteria:

1. Alpha Form

a) The form with the most loosely packed
lattice exhibited by the triglycerides.

b) The form which occurs first during rapid
solidification from the liquid state.

c) The form whose long axes of paraffin chains
orient at right angles to the plane of the
glyceryl groups.

d) The form with which the lowest melting
point of a given triglyceride is associated.

e) The form characterized by a single, strong,
short X-ray spacing at 4.15A.

/) The form which Lutton has designated
alpha,

g) The form which Malkin called vitreous.

2. Beta Prime Form

a) The form whose lattice is slightly more
closely packed than that of the alpha form.

b) The form produced by polymorphic trans-

formation of the alpha form.

c) The form whose long axes of paraffin chains

are tilted 68 to 70° from the plane of the

glyceryl groups.

d) The form whose melting point is shghtly

higher than that of the corresponding alpha

form

.

e) The form characterized by two strong, short

X-ray spacings, one at 4.20A. (usually the

stronger of the pair), and the other at

3.80A.

/) The form with a long spacing slightly shorter

than that of the corresponding alpha form.

g) The form which Lutton has designated beta

prime.

h) The form which Malkin called alpha.

3. Intermediate Form

a) The form whose lattice is more closely

packed than that of the beta prime form, but

not so completely oriented as that of the

most stable form.

b) The form which can occur by polymorphic

transformation of the beta prime form.

c) The form whose long axes of paraffin chains

are tilted about 65° from the plane of the

glyceryl groups.

d) The form whose melting point is between
that of the beta prime form and that of the

most stable beta form.

e) The lowest-melting form that exhibits a

lattice spacing in the neighborhood of 4.6A,
indicating a definite lateral orientation of

the glyceryl groups.

/) The form which is further characterized by
two other short spacings, one at 4.15A and
the other at 3.75A; both are indicated by
quite strong reflection peaks in the diffrac-

tion pattern.

g) The form w4th a long spacing that is longer

than that of the beta prime but shorter than

that of the beta form.

li) The form which Lutton claims does not

exist.

i) The form which Malkin designated beta

prime.

4. Beta Form

a) The form in which triglyceride molecules as-

sume their most closely packed arrange-

ment.
b) The form that appears after polymorphic

transformation of the intermediate form.

c) The most stable polymorphic form exhibited

by the triglycerides; it can transform no
further.

d) The form whose long axes of paraffin chains

are tilted about 59° from the plane of the

glyceryl groups.

e) The form with the highest melting point

for any given triglyceride.

/) The form characterized by three strong, short

spacings, one at 4.58A (usually indicated by
the strongest reflection peak), anothov at

3.85A, and a third at 3.65A.
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g) The form whose long spacing is shorter

than those of any other polymorphs of a

given triglyceride.

h) The form called beia by all investigators.

Thus, triglyceride crystals exhibit the followmg

sequence of transformations

:

al-pha -> beta -prime -^ intermediate -^ beta

Each form must succeed the preceding ones in

the order shown. The transformations are irrevers-

ible. Once the molecules have achieved a closer

order of proximity, intermolecular attractive forces

prevent their moving apart. The only way in

which a more loosely packed lattice can agam be

obtained is by melting and resolidifying the ma-

terial to repeat the sequence of transformations. In

short, the triglycerides exhibit typical monotropic

polvmorphism.
Limitations of the Packing Theory. In the

above discussion, a geometrical method was em-

ployed to determine the nature of molecular pack-

ing' in the crystal. Models were inspected to ascer-

tain the various possible orientations of the

molecules. The arrangements which represented the

closest packing of the molecules were selected as

the most likely structures for the triglyceride poly-

morphs. This does not imply that other factors

have no effect on the structure or that the real

packing of the molecules is necessarily represented

by the structures shown above. It is merely as-

serted that the real packing is most likely to be

represented by the most dense arrangement of the

molecules. The geometrical approach cannot be

used to assign any precise coordinates to atoms

in the crystal. This can only be achieved when

structure factors have been determined from anal-

yses of the intensities of the respective bands in

the diffraction patterns. The most closely packed

arrangements are, at best, good first-order approxi-

mations to the real packing. However, when com-

plete structure data are lacking, as in the case of

the triglycerides, the close-packing theory provides

the only practical and systematic approach.
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TRIODE X-RAY TUBE. See Tubes, Finest-Focus Triode.

TUBES, FINEST-FOCUS X-RAY TRIODE WITH A DOUBLE

LENS FOR CRYSTAL STRUCTURE ANALYSIS AND

MEDICAL-DIAGNOSTIC PURPOSES

In X-ray crystal structure analysis and in many

areas of medicine, investigators are going over

more and more to using X-ray tubes with ex-

tremely small point or line focal spots (so-called

fine-focus and finest-focus tubes).

In the area of crystal structure analysis, it is ad-

vantageous when using a bent crystal monochro-

mator to use a small focal spot since the degree of

monochromatization of the reflected radiation in-

creases with decreasing focal spot size.

In the case of X-ray photographs in medicine,

which arise by projection of shadows, an enlarge-

ment is only meaningful if the focal spot is suf-

ficiently small, for only under these conditions is

the sharpness and contrast of the enlarged photo-

graph maintained.

Enlargements are of important use m diag-

nosis if, for example, one wants to be able to recog-

nize the smallest details and changes in bone struc-

In all areas of use, fine-focus tubes have the ad-

vantage over tubes with larger focal spots, of a

higher X-ray emission density and a higher spe-

cific anode load. As a result, the X-ray intensity is

also increased. If a photograph of excellent sharp-

ness is required and therefore the beam must be

defined by means of a diaphragm or sHt, an X-ray

tube with a small focal spot can appreciably

shorten the exposure time.

A small focal spot arises from a reduced electron-

optical image of the cathode on the anode, that is,

the electron beam coming from the electron emit-

ter must be concentrated (focused) by means of an

electron-optic element upon the smallest possible

area of the anode. The focusing can be done either

magnetically or electrostatically. In the case of

magnetic focusing, the magnetic lens must be

placed around the X-ray tube, as the installation

of a magnetic lens inside of a sealed tube poses

many diflaculties. Good focusing is obtained with

magnetic lenses, which, however, possess several

disadvantages: They are heavy, bulky and poten-

tial-dependent. For a given magnetic field a good

focus is obtained only for a certain appKed poten-

tial to the X-ray tube. If the X-ray tube potential

is changed, the current to the magnetic lens must

alwavs be changed, which requires a great deal of

exactness for small focal spots. It is also necessary

that one have a well-filtered and well-regulated

d.c. supply in order to minimize the variation of

the size of the focal spot with the undulations of

the applied potential.

Electrostatic focusing, in contrast, is inde-

pendent of the potential applied to the X-ray

tube, if the potential applied to the focusing sys-

tem changes in the same manner as the potential

change to the X-ray tube ; for in the case of elec-

trostatic lenses, the amount of deflection depends

onlv upon the ratio of the two potentials. Half-

wave rectification of the high voltage is thus com-

pletely satisfactory for electrostatic focusing.

Distinction is made between point and line

focus according to the type of cathode used. A
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Fig. 1. Schematic diagram of the X-ray triode.
K = cathode, G = grid electrode, A — anode, Ga

and G'2 — grid slits.

point focus arises from the use of a hair needle
cathode, a flat spiral or a disk as the emitting sur-

face ; a line focus arises from the use of a straight

wire, a band, a spiral coil or a rectangular pin as

cathode.

If one uses a hair needle cathode, which possesses

a very small emitting surface, with point focus
tubes, the image of the cathode, that is the focal

spot, is already very small at the start. Similarly
the same is true with a straight wire or a small
band for the generation of a line focus. These
types of cathodes are suitable only for use in de-
mountable X-ray tubes as their lives are very short.

For sealed tubes which require cathodes having a
long Hfe, flat spirals or spiral coils are utilized in

practice. In these cases, the electron beam must
be more strongly focused.

The following is a short review of the best-
known focusing systems for X-ray tubes. Malsch
(1939) developed one of the first technical fine-

focus X-ray tubes having a point-shaped focal
spot. Malsch obtained a focal spot diameter of be-
tween 100 and 200/x by means of a hollow anode
tube and a magnetic lens of small focal length. The
Malsch tube is still used today for rough-structure
investigations.

Steigerwald (1949) described one of the first

electrostatic focusing systems. The focusing
cathode named after him in conjunction with a
hair needle emitter gave a focal spot diameter of

100/..

To the best known fine-focus tubes having elec-

trostatic focusing belongs that of Ehrenberg and
Spear (1951). They obtained a focal spot diam-
eter of 30yiA by the use of a hair needle cathode

and a tube lens. The Ehrenberg-Spear tubes are

still widely used toda}^ as demountable X-ray
tubes for crj^stal-structure investigations.

A disadvantage of all point-focus tubes is the
small emission current which is of the order of

magnitude of lO/^a for hair needle cathodes and 1

to 3 ma for flat spiral and pin cathodes. This is

limited on one hand by the small cathode surface

area and on the other hand bj' the maximum spe-

cific anode load. Considerably higher intensities are

obtainable with line focus tubes by use of the
Goetz principle. The focal spot is protectively

shortened with the help of a beveled anode so that
it appears reduced in size or even "point shaped."
In these tubes one uses directl}^ heated coils as the
cathodes. The first electrostaticalh^ focused and
still commercially- produced line focus tube con-
sists essentially of a cathode, a "Wehnelt cylinder"
to collimate the electrons and a target. One of the
first line focus tubes of this type was built by
Guinier and Devaux (1943). They worked with
negative Wehnelt potential and reached a focal

spot width of 400m.
Tomita (1955) utilized a triode system in a

demountable X-ray tube, which consisted of a
coiled cathode, a concentrating electrode with slit

openings before the cathode and the anode. By
means of a positive grid potential he obtained a

half-width value of 30/x. (The half-width value is

the focal spot width at which the intensity is half

that of the maximum value.)

Hosemann (1955) developed an entirely new
type of grid controlled X-ray fine focus tube. In
this tube the cathode and the Wehnelt cylinder are
at the same potential. In addition, a grid is added
which operates at several kv positive potential. It

forms electron-optically (before the anode) an
immersion lens of short focal length. By varying
the grid potential, the focal spot can be varied be-
tween 100 and 600/..

Another new type of electrode system which is

used to generate a point-shaped focal spot was de-
veloped by Hoeft (1957). What is new here is

the combination of the electron gun of Ruska-
Pierce with the immersion lens of Hosemann to

give a triode X-ray tube. With a flat spiral fila-

ment, Hoeft was able to obtain a focal spot diam-
eter (half-width value) of 70/. and with a hair
needle cathode, 30/t.

Hosemann and Beitz developed a fine-focus X-
ray tube having a line focus focal spot which was
based on the above described work of Hosemann
and Hoeft. Figure 1 shows a schematic diagram
of the X-ray tube. It is connected as a triode and
consists of an electron emitting cathode. A", which
is at the same potential as the cathode cylinder K'

,

a grid electrode, G, which is charged at several
kv above the cathode and the grounded and water-
cooled anode, A.
The control grid G has two functions in which

it acts electron-optically as a double lens. It con-
sists of a sHt structure, Gx , having sloping sides. In
conjunction with the also sloping walls of the
Wehnelt- cathode cylinder, K' , Gx forms a colh-
mator lens of the type of Ruska (1933) as well as
Pierce (1940). In such an arrangement as Ruska-
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Pierce, an almost homogeneous field exists in front

of the cathode whose lines of equipotential are

somewhat concave when observed from the anode.

Since as a first approximation the electron paths

"cut" the potential lines perpendicularly, thus the

electrons coming from the emitter pass through

the grid slit, Gi , as a parallel or weakly con-

verging bundle. Furthermore, the grid, G, possesses

an immersion lens of short focal length (R. Hose-

mann (1955)) which is formed by the grid slit, Gz

,

and is placed only a few millimeters from the

anode. A potential difference of 30 kv exists be-

tween Go and the anode, therefore a high electric

field exists between the two which strongly focuses

the parallel electron beam coming from Gi

.

A requirement for the generation of a homo-
geneous field before the cathode and therefore a

parallel electron beam by means of an arrange-

ment of Ruska and Pierce, is the use of a flat

cathode surface.

<» ynTV^/
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^^- //
1. .'=18 / /
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Fig. 4. Intensity distribution through the focal

^pot width on the anode.
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Fig. 5. Dependence of the focal spot width, B,

upon TJa/TJg .

Fig. 2. Rectangular coil.
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3 ;

:
^^'fV'j

Fig. 3. Current-potential characteristics of the
triode for anode potentials between 12 and 40 kv.

The most often used fiat cathodes such as band-,

pin-, L-, or oxide cathodes may not be used in X-
ray tubes because of technical reasons.

In order to come sufficiently close to the re-

quired flat cathode surface a so-called rectangular

coil is used as the cathode. This is so shaped that

the single wire windings on the side facing the

anode form a plane rectangular surface (Fig. 2).

This coil possesses a high mechanical and thermal

stability, sufficiently high electron emission and

can be directly heated as in the usual spiral coils

used in x-ray tubes. It fulfils therefore all of the

requirements for a technically flat cathode for X-

ray tubes.

The above described X-ray triode shows an in-

teresting result in an electrical respect. While in

the case of the X-ray diode the anode current is

dependent on the anode potential, with X-ray tri-

odes of this type only the grid potential has an in-

fluence on the anode current. Figure 3, in which

the anode current, h, is plotted against the grid

potential, Ug , shows the characteristics of the

tube. By a heat output of only 17 w, h increases

sharply at smaller grid potentials such that at ap-

proximately 2.5 to 3 kv the current is saturated at

approximately 30 ma. In the working range of the

tube (at Ug > 1.5 kv), the grid current Ig , is of

the order of magnitude of 2 per cent. Since the

anode current is independent of the anode po-
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(a) (b)

Fig. 6. Line focal spot photographs in the direc-

tion of the line focus.

(a) Line focus of a conventional fine focus tube

MCF 50 (mfr. Mueller, Hamburg): anode poten-
tial, 50 kv ; anode current, 5 ma ; focal spot width,

600 /a; total enlargement, 6X

.

(b) Line focus of the triode tubes described in the

text: anode potential, 50 kv
;
grid potential, 3.7 kv

;

anode current, 20 ma; focal spot width, 25 /x
".
total

enlargement, 6X.

Fig. 7. Focal spot photograph of the triode tubes

lateral to the line focus

:

Anode potential, 30 kv; grid potential, 2.6 kv;
Anode current, 15 ma; total enlargement, 2X.

tential, the effect of the anode on the cathode

is negligible, only the effect of the grid slot, Gi

,

is very large in this tube. The result is that already

in the case of small anode potentials of approxi-

mately 10 kv, a sufficiently high emission is ob-

tained. This fact is of great importance for

crystal structure analysis if it is desirable to pre-

vent noticeable intensity of \/2 from being re-

flected by monochromatization of the radiation by
a crystal. (\ = the wavelength wanted by the

monochromatization.)

The width of the focal spot, B, can be varied by
means of the electrostatic immersion lens from 500

to 25^1 by varying the grid potential. Therefore

the focal spot width is dependent only on the po-

tential ratio Ua/Ug as the electron-optic theory

requires. Figure 4 shows the intensity distribution

of the focal spot on the anode at various param-
eters of Ua/Ug . The ratio of the half-width values

of between 500 and 80^ to half-width values at

1/10 width (the width at which the intensity is

1/10 that of the maximum intensity) is approxi-

mately 1:2. In the case of very small focal spots,

the 1/10 width is enlarged up to about 5 times the

half-width value.

The dependence of the half-width value upon

the potential ratio Ua/Ug is shown in Fig. 5. From
this graph it is clear that the smallest focal spots

are obtained when Ua/Ug is equal to 11 to 13.

For demonstration of focal spot of a common
fine-focus tube (Mueller MCF 50) (Fig. 6a) with

a width of 600/jl is compared to the focal spot of a

tube described here (Fig. 6b), having a width of

25m.

The focal spot in Fig. 6a shows clearly a two-

line structure which arises from the use of a spiral

coil as the cathode. Furthermore, the individual

windings of the cathode can be clearh' seen. The
focal spot, as is shown in Fig. 6b, possesses these

disadvantages no longer. The intensity within the

focal spot is completely homogeneous. This pho-

tograph was so taken that it would show the actual

width of the focal spot. Finally, Fig. 7 shows a

focal spot photograph taken lateral to the line

focus which shows the true length of the focal

spot on the anode, (width of the focal spot: -40^)

The specific anode load is 180w mm"'' for a focal

spot width of approximately 500/u, 450w mm"-
for 200/A and 3 to 4 kw mm"" for approximately 30/x

without observations of any attack of the anode.

Tliis corresponds to a total load of approximately

600 w for each focal spot width which according to

the present experimental experience is completely

l)ei'missible.

L. Beitz

(Translated from the German by Mrs. Margaret

Pfluger, University of Illinois).

TUBES, X-RAY

As described elsewhere in this volume, X-ra3^s

are a form of electromagnetic radiation produced

whenever high-velocity (high-energy) electrons are

slowed down or stopped by collision with atoms

of matter lying in their paths. Electron energies

used today in the practical production of X-rays

range, approximately, from 10* to 10® v.

Vacuum tubes designed specifically to provide for

the acceleration of electrons within the vacuum

space and their interception by a target for the

production of X-rays are known as X-ray tubes.

An electrical apparatus designed to generate,

modify, or control electrical energy for applica-

tion to X-ray tubes is called an X-ray generator.

Designed for many different applications. X-ray

tubes differ widely as to structural detail, as il-

lustrated in Figs. 1-3. Modern X-ray tubes utilize

high vacuum as the voltage-insulating medium
within which the anode and cathode structures are

mounted and the electron beam is accelerated.

The residual gas pressure in such tubes is usually

less than 10"^ mm of Hg. Early X-ray tubes de-

pended on the ionization of the residual gas to pro-

duce the electron beam by ion bombardment of

the cathode and required gas pressures about 1000

times higher. The anode incorporates a target of

suitable metal upon which the electron beam im-

pinges and wherein the X-rays are generated.

Tungsten is the most commonly used target ma-

terial, both because of its high atomic number
which makes for efficiency in X-ray production



1091 TUBES, X-RAY

and because of its favorable thermal properties

of high melting point, high conductivity, and low

vapor pressure. Other metals are used when the spe-

cific applications require characteristic spectra (for

X-ray diffraction, microradiography, etc.).

The cathode of an X-ray tube includes the source

of electrons, generally an incandescent tungsten fil-

ament, and an associated beam-forming structure

which focuses the electron stream on the target. The

area on the target bombarded by electrons, which

thus becomes the source of X-rays, is called the fo-

cal spot. The size and shape of the focal spot are de-

signed for specific apphcations and are controlled

primarily by the beam-forming structure of the

cathode. The bombarded area must be large enough

to absorb safely the thermal energy delivered by

the electron beam, but not so large as to pro-

duce excessive penumbra when the X-rays are re-

quired from an approximate "point source" (as

for radiography and crystallography). Some
method of cooling is provided to transfer heat

from the target to the exterior of the tube.

Finally, the tube incorporates a structure which

supports and maintains the cathode and target

in proper spatial relationship and which insulates

these elements from each other at the operating

voltage. Usually the envelope of the tube is used

as the insulating structure as well as the container

of the evacuated space. The envelope may be im-

mersed in an insulating medium such as oil, of

greater dielectric strength than air, which in turn

is contained in a grounded metal enclosure which

provides protection against electric shock and

shields off unwanted portions of the X-radiation.

Such units are generally spoken of as having a

"protective tube housing" (see NBS Handbook
76 for definition).

Tubes for ' Diagnosis. Medical and dental

diagnostic X-rays are usually generated at voltages

between 40 kv and 150 kv*. Dental and Hght-

weight (portable) medical units are usually limited

to 90 kv or less. The usual maximum range for

diagnostic equipment is 150 kv. Diagnostic tech-

nique may take the form of radiography, wherein

X-ray shadow pictures are produced on photo-

graphic film, or of fluoroscopy, wherein a visible

light image is produced by X-rays on a fluores-

cent screen. Both techniques require small focal

spots for sharply defined images. Radiography re-

quires relatively high instantaneous energy appli-

cation to the tube so as to produce the radiograph

in a period sufficiently short to prevent blurring

due to motion. Fluoroscopy requires apphcations

of energy to the tube for a period sufficiently^ long

to permit adequate examination. Level of energy

is a compromise between that required for ade-

quate image brightness and minimized patient dos-

age.

Tubes designed for medical diagnosis are gen-

eralb^ usable for both radiography and fluoroscopy.

In their design, particular attention is paid to the

provision of the minimum focal spot size con-

* In X-ray practice, voltage values usualh^ refer

10 the peak or crest value in the case of pulsating
or alternating voltage wave forms; frequentlv
written as PKV or KVP.

Mm
m

Foil cooler
]
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j
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Fig. 1. Schematic diagram of X-ray tubes.

A. Air-cooled
B. Forced-oil-cooled

C. Rotating anode tube

COOLING WATER INLET

r- INTERMEDIATE
l\ ELECTRODE

^CATHODE
'—TUNGSTEN TARGET

Fig. 2. Multi-section grounded-anode tube with

bervllium window.

:- COOLING WATER INLET

-CATHODE

Fig. 3. Beryllium window tube for high-intensity,

long wave length X-rays.

sistent with the electrical loading factors required

for the intended service, and to rapid removal

of heat so that limitations on repetitive operation

are minimized. Simplest types employ a tungsten

target embedded in a copper member, called the

anode, having a portion extending to the ex-

terior of the tube envelope. The heat generated

at the focal spot is transmitted into the copper

and conducted thereby to the exterior and trans-

ferred to the surrounding medium. If the sur-

rounding medium is air, the tube is called an

air-cooled X-ray tube. More often, in modern prac-

tice, the tube is immersed in a housing filled with

insulating oil; such a tube is called an oil-im-
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Fig. 4. Oil-immersed diagnostic lube.

CATHODE FOCUSING CUP FILAMENT

X-ray beam to be projected from the tube. At a

20^ projection angle, the gain in actual length of

the bombarded area as compared with the "optical"

focal spot is 3 (cosec of 20°). For smaller angles,

the spread of the X-ray beam that may be utilized

may be too small for most purposes. Sometimes a

double-angled anode is used, to provide the op-

portunity for optimizing the compromise to fit

special requirements. (Fig. 5)

Tubes designed to provide the smallest possible

focal spot for a given loading capacity for short-

exposure radiography employ a rotating anode

(Fig. 7), wherein the target is a relatively large-

diameter disk, made to rotate about its central

axis at 3000 or more rpm. The focal spot is near

the edge of the rotating disk, remaining stationary

with respect to the exterior of the tube (Fig. 6).

The heat generated is swept rapidly out of the

bombarded area by the motion of the target,

and thus a much smaller focal spot may be utilized

without becoming overheated. Generally, in such

tubes, the target is not backed with copper; the

heat is spread throughout the tungsten disk and

radiated therefrom with satisfactory efficiency due

to the area available for radiation and the high

temperature permissible with the all-tungsten

target assembly. The rotating anode assembly is

mounted on a special ball-bearing system specially

designed for operation in vacuum, with a non-

volatile metallic lubricant. It is driven by induc-

tion motor action, an external stator providing the

magnetic field. Latest dovolopments provide for

RECTANGULAR ELECTRON- / '^^^ PROJECTED SQUARE
BEAM bJ^ FOCAL SPOT

TARGET '

Fig. 5. Diagram of the "line focus" principle.

mersed tube. (Fig. 4) Heat is transferred to and

carried away by circulation of the oil. Sometimes

other insulating materials (e.g., compressed gas

such as freon or sulfur hexafluoride) are used. Al-

lowable minimum focal spot size in such tubes is

governed by rate of heat transmission through the

tungsten target to the copper backing. A shock-

proof enclosure is pictured in Fig. 10.

Most diagnostic tubes employ the "line-focus"

principle to reduce the optical size of the focus,

by a factor of 3 or more, as compared with the

physical size which governs the loading capacity.

This "line focus" principle consists of arranging

the plane of the target surface at an angle of

15° to 20° with respect to the center line of the Fig. 6. Rotating anode tube.
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"high-speed" rotation up to 10,000 rpm, by sup-

plying 180 cps excitation to the stator. This is done
in order to take maximum advantage of the ro-

tating anode principle, whereby the allowable

energy density in the focal spot, for short ex-

posures, is proportional to the square root of the

speed of rotation.

A most recent development in diagnostic tubes
is the "grid-controlled" X-ray tube. In this design,

the cathode incorporates, in addition to the elec-

tron source and the beam-forming focusing device,

an element whereby the flow of electrons can be
controlled by means of control-circuit voltages

applied thereto. This "grid-control" action permits
timing of exposures independently of the high volt-

age applied across the tube, and thus facilitates the

generation of very short, rapidly repeated ex-

posures reciuired in the recently evolved technique
of cineradiography (q.v.). Tubes of this type now
on the market include a model for operation at

kilovoltages up to 150 kv in which a grid voltage
of —2 kv produces complete "cutoff" of anode cur-

rent. Full anode current is allowed to pass when
the grid circuit pulses raising the grid to zero
(cathode) potential are applied. By this tech-
nique, exposure times down to 0.001 second or less

are readily obtainable, at repetition rates of any
number per second desired for cine recording.

The energy-loading capabihty of a tube for

radiographic exposures is usually specified by
means of "rating charts," which indicate the maxi-
mum allowable combination of kilovolts and milli-

amperes which may be applied to the tube for

any exposure duration (time) within the range
covered by the chart (usually from 0.01 second or

less to 20 seconds or more). An example of such a
chart is shown in Fig. 7. The voltages and currents
allowable depend not only on the structural design
and focal spot size of the tube, but also on the
type and characteristics of the electrical circuit

employed to energize it, and, in case of a rotating
anode tube, on the speed of rotation at which
it is operated. Hence, a different rating chart must
be supplied for each combination of these opera-
tional variables. Most frequently, diagnostic tubes
are provided with two independently operable
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Fig. 7. A typical X-ray tube rating chart. This ex-
ample applies to the 2.0 mm focal spot of a rotatmg
anode tube when operated in a full-wave rectified
circuit.

cathodes, each respectively producing a different

focal spot size so as to increase the versatility of

application. Separate sets of rating charts must be
supplied for each focus of such "double-focus"
tubes.

Focal spot sizes in stationary anode diagnostic

tubes generally range from 1.0 to 5.0 mm; in ro-

tating anode tubes, from 0.3 to 2.0 mm. Generally,

two fixed focal spots of different sizes are provided
in all rotating anode tubes and in some stationary

anode tubes.

Tubes for Medical Therapy. A very wide range
of voltage and current is employed in the genera-
tion of X-rays for medical therapy, depending on
the nature of the therapeutic problem involved.

Such therapy is broadly divided into two classes:

superficial therapy, pertaining to skin and sub-
cutaneous disorders; and deep therapy, pertaining

to more deeply located treatment areas. For
superficial therapy, voltages from 6 to 150 kv
are employed; for deep therapy, voltages range
from 180 kv to 50 mev.

Superficial-therapy X-ray tubes for the voltage
range of 30 to 150 kv are generally similar to those

employed for diagnostic techniques. Dosage re-

quirements are usually greater and exposure times
are not recjuired to be limited to short duration.

Hence, over-all cooling rather than focal-spot

considerations is the primary factor governing de-
sign, and rotating anode tubes are seldom used for

this application. For some superficially located con-
ditions, extremely long-wavelength radiation of

low penetration characteristics is required. Tubes
for this class of therapy are operated at voltages
between 6 and 50 kv, and are frequently provided
with an X-ray exit window of metallic beryllium
in the tube envelope. Such beryllium window tubes
permit the emission of the longer wavelength por-
tion of the spectrum which is normally absorbed
by other types of X-ray window. The dosage level

at the outer surface of the window in such tubes
may be over 1,000,000 r per minute, and hence
special safety precautions are necessary in their use.

However, the high absorption coefficient makes
the shielding of such radiation relatively easy.

X-rays generated at voltages from 6 to 15 kv
are often called grenz rays. Modern grenz ray
tubes are usually equipped with beryllium win-
dows.

For the treatment of lesions located within body
cavities, special X-ray tubes are designed for in-

sertion into such cavities so that the X-ray window
of the tube can be brought into very close prox-
imity or actual contact with the lesion. Such tubes,
usually called contact therapy X-ray tubes, gen-
erally operate at voltages between 40 and 60 kv.
Deep therapy X-ray tubes occur in a variety of

forms, the most common of which is the oil-cooled
type used in units operating at 200 to 300 kv. This
service requires prolonged periods of loading at

relatively high power (approximately 4 kw), so
that dissipation of this large amount of heat from
the anode becomes the primary factor in design.
The tungsten target is imbedded in a copper
anode, as in the diagnostic tubes described above,
but instead of being dependent on conduction of
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Fig. 8. Forced-oil-cooled deep therapy tube.

heat to the exterior for cooling, the copper anode

is made hollow and insulating oil is pumped
through it as a coolant to carry the heat away as

rapidly as it is generated (Fig. 8). Such tubes are

usually mounted in a shockproof, rayproof en-

closure and insulated therein by the same oil used

as the coolant. In operation the anode may be

at a potential of 100 to 150 kv from ground; hence,

good insulating properties are required. (Fig. 9)

Some deep-therapy tubes, which are generally

cooled by water circulating through the anode

structure, are designed for operation with the

anode at ground potential. These tubes have the

advantage of utihzing the superior cooling prop-

erties of water, and also usually have the target

located at the extreme end of the envelope, pro-

viding certain geometric advantages in applica-

tion. (Fig. 2)

There are physical advantages, having to do

with the absorption coefficient of the radiation,

in employing extremely high voltages (1,000 kv

and above) for deep therapy. Tubes for use hi this

range are often called supervoltage X-ray tubes

Their construction is usually of the grounded-anode

type described above, and also is usually of the

multistage type, whereby the envelope is made up

of a number of interconnected sections in which

the electron beam is subjected to successive ac-

celerating fields as it passes through them in turn.

Thus each section is required to insulate only a

fraction of the total voltage involved. A "tapped"

voltage source is required to energize such tubes.

Multistage construction is regularly employed for

^'oltages of 1,000 kv and above, and in some cases

for lower voltages down to 250 kv. (Fig. 10)

In the range of 5 to 100 mev, X-rays are gen-

erated by the betatron, a device which accelerates

electrons to high energies in a circular path through

multiple revolutions by means of magnetic induc-

tion. The X-ray tube in this case is in the form

of a hollow toroid, often called a "donut" (Fig.

11). The donut contains an electron "injector,"

similar to the cathode in a conventional X-ray

tube, which injects electrons at an initial energy

of about 50 kv. A magnetic field causes them to

follow the circular path, and hnkage of the circu-

lar path with an increasing magnetic field pro-

vides the accelerating induction. At a time of maxi-

mum velocity, the electrons strike a target within

the donut and produce X-rays by the usual colli-

sion mechanism. The usual target cooling prob-

lems are essentially absent because the efficiency

Fig. 9. "Shockproof" enclosure for rotating anode tube.
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of X-ray generation at such high energy levels

is such that little heat generation takes place at
the required X-ray output.

X-ray units used for medical therapy usually

Fig. 10. Multi-section
cooled tube.

grounded anode water-

operate at dose rates, suitable for treatment
routines, ranging from approximately 30 to 100 r

per minute at the treatment area (usually from
20 to 100 cm from the target). "Quahty" (wave-
length and homogeneity) of the radiation is con-
trolled by inserting in the beam ''filters" of alumi-
num, copper, tin, lead, etc., which greatly reduce
the primary beam intensity. Precautions to avoid
inadvertent treatment without prescribed fihers
are essential.

Tubes for Industrial Applications. Industrial
applications of X-rays occur m a number of cate-
gories, the most common of which is inspection by
radiography. As in medical radiography. X-ray
shadow pictures of objects to be inspected for
internal defects or structural details are produced
on photographic film. Sharp images require small
focal spots. For industrial subjects, usually motion
is not a factor, so that long exposures requiring
relatively low power levels may be used, per-
mitting focal spots as small as may be desired.
Voltage employed is governed by nature and
thickness of material to be penetrated, and may
range from a very few kv to several million volts.

The design of tubes for industrial radiography is

generally similar to that of tubes for medical
therapy for corresponding voltage ranges, with
particular attention to optimizing focal spot size,

which is generally considerably smaller in tubes
for radiography with corresponding reduction in

power rating. The betatron is frequently used for

radiography in the 5 mev to 25 mev range, for

examination of heavy metal objects up to 20
inches thick.

A special technique called microsecond radi-

ography is employed to study rapidly moving ob-
jects (projectiles, mechanisms, etc.). In tubes
for this technique, the cathode contains a small
gap between electrodes across which an arc is

caused to fire by a suitable trigger-voltage pulse.

Fig. 11. A betatron "donut"
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Fig. 12. Beryllium window tube for high-intensity, long wavelength X-rays with "sliock-

proof" enclosure.

This arc becomes a copious source of electrons to

convey an instantaneous discharge current to the

anode, producing a very short highly intense burst

of X-rays. In a very recently developed version,

a "field emission" cathode is employed, wherein

electrons are drawn directly from an array of sharp

points by the intense electric field, permitting

better control of focusing and pulse duration than

with the "arc" cathode. The discharge current is

supplied by a charged condenser bank, or a pulse-

forming network, at voltages up to 600 kv. Capaci-

tance and other circuit constants determine the

duration of the discharge, which usually is in the

order of a microsecond. The target is a block of

tungsten, cooled primarily by radiation and by the

formation of tungsten vapor. Life of such tubes

may be quite short, a few hundred discharges

evaporating sufficient tungsten to render the tube

inoperable.

Fluoroscopy is also used for industrial inspection.

Tubes for this purpose entail essentially the same

physical, electrical, and thermal characteristics as

for radiography, up to about the 250-kv voltage

level. Fluoroscopic screens become increasingly in-

efficient at the higher voltages and hence attempts

to use fluoroscopy above this level are uncommon.

Special rotating anode tubes capable of continu-

ous operation at relatively high power with ex-

tremely small focal spots have been developed,

which permit fluoroscopy to be utilized advantage-

ously for many crucial inspections requiring de-

tection of extremely minute defects. These tubes

may employ very large diameter tungsten disk

targets in the manner described earHer in this

article, permitting dissipation of heat by radiation

at a continuous rate of several kilowatts.

X-ray diffraction, used for microstructure anal-

ysis, constitutes another important industrial ap-

pUcation. This techniciue generally makes use of

a monochromatic, or single wavelength. X-ray

l)oam. TuV)es for this purpose usually employ a

.•<])ecial target material whose characteristic spec-

Innn provides a "line" of the required wavelength,

the other wavelengths being essentially eliminated

by a suitable filter or other form of "monochro-

mator." In most cases, these tubes are operated

water-cooled, with the anode at ground potential.

The focal spot is usually in the form of an

elongated narrow band on the target. Two, three,

or four windows for egress of X-ray beams are

provided, these windows usually consisting of

beryllium, mica, or low-absorption glass, the ob-

ject being to minimize loss of intensity by ab-

sorption in the window. Such tubes are usually

operated at 30 to 50 kv, 15 to 20 ma. Target

materials most commonly employed are molyb-

denum, copper, iron, cobalt and chromium.

Chemical analysis by X-ray fluorescence (also

called X-ray spectrography) is a recently de-

veloped technique which is rapidly growing in im-

portance. Material to be analyzed is irradiated

with X-rays of appropriate intensity and wave-

length spectrum, whereupon "fluorescent" X-radi-

ation of specific wavelengths characteristic of the

chemical elements in the material is excited therein.

This radiation is intercepted, detected and an-

alyzed spectrographically, providing a means to

identify, quantitatively and qualitatively, un-

known ingredients of the material under analysis.

This technique is frequently adapted to
^
"on

stream," or continuous, process control. X-ray

tubes for this purpose require operation at rela-

tively high power levels continuously with volt-

ages adjustable in a range of 25 to 75 kv, choice

of an assortment of target materials including,

most commonly, tungsten, platinum, molybdenum.
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and chromium, and an X-ray window having the

minimum possible absorption for the longer
wavelengths of the X-ray spectrum. Hence, special

tubes have been designed for this purpose which
have grounded, water-cooled anodes, thin beryl-

lium windows, large focal spots located in close

proximity to the window, and are furnished with a
choice of target materials including those men-
tioned above. These tubes can be operated con-
tinuously with power input of 2 kw or more. (Fig.

12)^

X-ray thickness gauging is employed to monitor
or control thickness of continuously moving sheet
and strip materials, such as steel, copper, aluminum
and plastics, during their manufacture. The operat-
ing voltage, dependent on the material and thick-
ness involved, may range from 10 to 150 kv. Tube
currents are usually quite low (0.2 to 5 ma). The
thickness measurement or comparison is based on
the reduction in intensity of the X-ray beam in
passing through the material whose absorption
characteristics are known. Beam intensity is meas-
ured by Geiger or scintillation counter circuitry
and translated into thickness indication or servo-
type control signal. Tubes for gauging applica-
tions are sometimes required to provide a dual
beam, in which case they may be similar or identi-
cal to tubes used in diffraction apparatus. Other-
wise, tubes as used for conventional industrial
radiography in the same voltage range are em-
ployed in X-ray thickness gauges. Unusual me-
chanical ruggedness, requiring special structural
design, may be demanded in some cases.

X-rays are sometimes employed for the irradi-
ation of materials to produce chemical or biological
changes, such as partial or complete destruction of
microorganisms (sterihzation), deinfestation, etc.
Special tubes for such purposes have been con-
structed with large-area beryllium windows and
extremely large focal spots, for operation at rela-
tively low voltage and high current (60 kv, 200
ma), for the production of very high dosages of

long-wavelength X-rays. Dose rates of the order
of 10^ r/min are produced with such tubes. The
low penetration of such rays limits their usefulness
to surface and thin film applications. Other ir-

radiation schemes employ electron beams which
are produced and accelerated as in an X-ray tube
but allowed to pass through a suitable window to

the exterior of the tube and impinge on the material
to be irradiated. Such beams must be accelerated
by at least one-half million volts (usually more) in

order to provide practical results.

T. H. Rogers

TUBES, X-RAY, WITH FIELD EMISSION COLD CATHODES
FOR FLASH RADIOGRAPHY

Emission of electrons from cold metal cathodes
consisting of one or more sharp needle points,

the so-called field emission, has been known for

many years. Various attempts have been made in

past years to construct X-ray tubes embodying this

principle to operate in the same manner as hot-
filament cathode tubes, with very limited success.

As a matter of fact, principal efforts were directed
to avoidance of field emission from sharp corners
and edges in conventional tubes causing high-fre-
quency oscillations and erratic behavior, by care-
ful rounding of all internal metal parts. Recently
it has been demonstrated that X-ray tubes with
field-emission cathodes, obviously remarkably sim-
ple in construction in comparison with the hot-
filament cathodes, could be made to generate X-
ray beams of very high intensities with output
currents of hundreds of amperes as a series of
pulses controlled by suitably designed, highly
efficient pulsers. Thus dose rates up to 10® rad/sec,
useful in radiochemistry, flash radiography, and
stop-motion pictures of high-speed events in
opaque media at velocities in excess of 40,000
feet/sec (12 X lO*" mm/sec) have become possi-

^,

Fig. 1. Fexitron X-ray tube, models 524, 525, 526 with field emission cathode, 75-105 kv



TUMORS IN PLANTS: IRRADIATION 1098

Fig. 2. Fexitroii X-ray tube, model 575 with field emission cathode, 150-300 kv

Table I. General SpECiFrcATi[ONS

X-ray Tube Model Number

524 525 526

Pulse width (microseconds)

Output voltage (kilovolts)

Output current at maximum voltage (amperes)

Peak power (megawatts)

X-ray source size diameter (millimeters)

Dose rate at tube surface (roentgen/second)

All Tubes

0.03 0.07 0.10 0.10

75-105 75-105 75-105 150-300

1400 1400 1400 1400

147 147 147 420

1.5 2.5 3.8 6.0

5 X 10- 5 X 10' 5 X 10- 1 X 108

Anode
Pulse overshoot

Pulse undershoot

Beam direction

Cooling
Residual pressure

Time interval between
pulses

Connections

Life

Tungsten.
Less than 5% measured at nominal voltage with matched impedance load.

Less than 10% measured at nominal voltage with matched impedance load.

Parallel to anode axis.

Air circulation not required.

10-12 n^n^ of Hg.
Normally 10 sec; for more rapid repetition rates special tubes required.

The anode end of the tube is fitted male prong 0.1 in. in diameter and the

cathode with a base ring for connection into a standard Fexitron pulser

or Remote Tube Head.

Life is determined by evaporation and therefore is a function of current

and power level at which the tube is operated. General experience with

Fexitron X-ray tubes at typical operating voltages indicates an average

life of several hundred pulses.

ble. (See "Cineradiography," p. 142.) Pioneering

in these developments has been the Field Emission

Corporation, McMinnville, Oregon. Illustrated in

Fig. 1 are Fexitron models 524, 525 and 526

which have an envelope size of 1-in. diameter and

6-in. length; and in Fig. 2, Model 515 with an

envelope size of 1.5-in. diameter and 12-in. length.

When these tubes are used with a square wave

voltage pulse, spectrum and resolution are maxi-

mized since optimum anode power is provided for

a given X-ray yield; maximum life, rehabihty and

reproducibility are provided on a pulse-to-pulse

basis. The following comparative specifications are

clear evidence of performance and potential ap-

phcations (Table 1).

W. P. Dyke

TUMORS IN PLANTS: EFFECT OF IONIZING RADIATION

Three kinds of plant tumor are known: virus,

hybrid, which is a spontaneous tumor, and crown-

gall. The second one especially has been studied

as a material resulting from the action of X- and

gamma rays in order to determine what tumor

transformation phenomena consist of.

As carcinogenic chemical substances develop,

these radiations influence the plant tumor develop-

ment, intervening on either tumor induction or

tumor expression.

Radiation-induced Tumor Formation in Fern

Prothalli (PARTANEN). It is known that a spon-

taneous tumor very rarely arises in Pteris aquili-

num during the culture in vitro. The appearance
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of these tumors is accompanied by characteristic

change of cell nuclei from the original haploidy to

a complex polyploidy, by means of successive en-

domitotic duplications or other mitotic anomalies.

The number of these tumors increases consider-

ably on young prothalli in active growth or spores

in dormancy if ionizing radiations are employed.

Irradiated spores are placed in a convenient

medium and sterile conditions to germinate. Six

weeks later the frequency of tumors appearing is

determined for each one million spores. Without
aiming expressly to demonstrate it, Partanen thinks

that a consequence of irradiation is a mutation or

a group of similar mutations. Spores in dormancy
resist radiation, as shown by curve of survival.

After irradiation, even maintained for one year in

dormancy, they show tumors afterwards in pro-

thalli when placed in a culture; therefore the phe-
nomenon is not transitory. The response of this

haploid organism can be expressed by a linear

curve (tumor frequency/X-ray dose). This dose-

response curve shape proves the validity of the hy-
pothesis relative to radiation effect as a mutation.

However, as tumorization frequency is weak (5 to

30 tumors in 10" irradiated spores, according to

the dose—0, 2 for controls), Partanen points out
that an exponential response could seem linear in

these conditions.

In recent work, Partanen also shows that the

presence of amino acids in the culture medium
modifies the frequency of tumor appearance in pro-
thalli originated from irradiated spores. Some
amino acids are without valuable effect. Me-
thionine and lysine reduce frequency of tumor
appearance; glutamine increases it. Effect of lysine

can be annulled when arginine is added to it. It is

logical to anticipate from the work of Partanen a
better understanding of some biochemical phe-
nomena accompanying morphogenetic processes
relative to tumor aberrations.

Hybrid Spontaneous Tumorization. These
genetic tumors are neoplastic tissue which appears
without apparent external cause in organisms
having a particular genotype. The first observa-
tion relative to genetic determination of tumor
was made as early as 1879 on hybrids resulting from
crossing of two cabbage species: turnip and ruta-
baga, which present spontaneous root tumors
(Lund, Kjaerskov). Observations of the latter

author were extended to three hybrid generations
including 42,500 individuals. The contemporary
authors Voskenskaja and Shpota, who studied
tumorization of two other hybrids of cabbage re-

sulting from the crossing of mustard and colza,

were not concerned with the action of radiation.
In fact, tobacco hj^brid tumor provided experi-
mental material necessary for numerous genetic
tumor researches.

The reciprocal hybrids Nicotiana glauca x Nico-
tiana langsdorifii indicate tumor formation in the
same manner. By effect of radiation on the tu-
morigenic hybrid, Izard obtained a nontumoral
mutant. Germinated seeds treated by X-rays give

plants and descendants which never display tu-

mors.

Following study on reductional prophases in

some lineages, conclusions are drawn that the

characterization "absence of tumor" is probably
associated with the loss of a chromosome. Most
recently, Izard obtained two hybrid lineages with-

out tumors from X-irradiated seeds, with normal
amphiploid number of chromosomes and regular

meiosis. These results would indicate, instead of a

loss of chromosome, a gene-controlling tumor
formation.

Radiation effects on the "expression" of the spon-
taneous tumor transformation in Nicotiana hybrids
have been particularly studied by Smith and
others. Different genotypes, including the spe-

cies N . glauca and N . suaveolens, combined with
genoms or genes from A^. langsdorjfii and N. san-
derae, are submitted to repeated action of gamma
rays (Co'°, 5 to 4507/20h/day). Some genotypes,
including mutants induced by rays, do not pro-
duce tumors, either in control nonirradiated plants
or in irradiated plants, independent of dosage.
Other genotypes produce tumors in controls, as

well as with all experiments and dosages of irradi-

ation. Others also produce tumors later in the
season, only in irradiated lots and only for doses
greater than 200 or 350 r, according to genotypes.
Some clones placed in culture during the next year
increase their capacity to form tumors, some do
not.

Smith retains as a working hypothesis that the
cause of genetic tumors in plants is due to ab-
normal production of regulator growth substances,
which therefore are responsible for tumor trans-

formation. This anomaly would result from the
formation of an abnormal nucleic acid in relation

with genie associations in dissimilar genotypes
belonging to interspecific hybrids.
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UNIT CELL See Layer-Lattice Silicates: Structures; Lattice

Parameters.

UNITS. See Dosimetry, Radiation, and Units.

UNITS AND MEASUREMENTS OF RADIATION

The units used to quantitate radiation have

passed through an evolutionarj^ development.

There are now two accepted units for X-rays gen-

erated at potentials up to 3 mv, and it is logical to

have and to use two units. These are the roentgen

and the rad.

The roentgen is the unit of exposure dose of X-

or gamma radiation. One roentgen is an exposure

dose of X- or gamma radiation such that the asso-

ciated corpuscular emission per 0.001293 g of air

produces, in air, ions carrying one electrostatic unit

of quantity of electricity of either sign. To o^•er-

simphfy, perhaps, exposure dose may be used to

express the causative influence for change by a ra-

diation field—in protection work this might be

called the hazard. The primary need for a unit of

exposure dose lies in the standardization of output

from a given generator over substantial periods of

time and in the communication to others of the

results of using this generator.

The rad is the unit of absorbed dose and is 100

ergs absorbed per gram of absorbing material.

Thus, absorbed dose is a measure of an effect of

radiation in terms of energy deposition. The quan-

tity has an absolute definition which is not limited

in application to radiation quality or kind of ma-

terial. Quite apparently, the attempt to quantitate

the effects of irradiation indicated the need for a

unit of absorbed dose.

Exposure Dose Measurements. To define and

to explain a unit is one thing, to measure it may be

another. The definition of the roentgen implies a

facility (1) in which a known amount of air is ir-

radiated by the quantity of radiation (photons) to

be measured, (2) in which all secondary electrons

formed dissipate their kinetic energy in air, and

(3) in which all ions are collected, both from the

known amount of air irradiated and from the re-

lated secondary tracks. Air ionization chambers of

special design have been developed to satisfy these

criteria ; they are called free-air chambers and have

become primary standards for exposure-dose de-

terminations.

Free-air chambers are most easily constructed

for use with X-rays generated at potentials be-

tween 50 and 500 kvp. Modifications exist extend-

ing their usefulness down to perhaps 10 kvp and up

to Co*'" gamma rays. For practical purposes, tech-

nological complications prohibit the measurement

of the roentgen on either side of this range. The

need for an output unit is not great on the low-

energy side.

There is a need, however, for a uniform output

unit on the high-energy side. Numerous high-

energy devices (betatrons, synchrotrons, and linear

accelerators) are producing X-rays above 3 mv.

On several of these, absolute output determina-

tions have been made with a total absorption

calorimeter. Such a calorimeter, however, is strictly

a laboratory instrument and is not suited to rou-

tine use. Each laboratory has tended to use some

convenient radiation detector to standardize out-

put, but there is no agreement on a common unit.

The condenser r-meter is a commercial device

which is used widely for routine measurements of

exposure dose. It is important to recognize that

this instrument does not measure the roentgen as

defined. Ka1h(M\ it is merely an ionization chamber

detector wilh an easily observable radiation re-

^l)onse : the scale has been calibrated to indicate

the exposure dose which a standard free-air cham-

l)or would have measured if it had been placed at

llic exposure position of the r-meter detector. It

is calibrated in air and can be used properly only

in air.

The manufacturer can supply a variety ot^ de-

tectors designed to cover specific ranges of X-ray

finalities and quantities. One cannot expect a de-

tector designed for one quality range to be useful

in anv ordinary way within another quality range.

The reason for this is that the chamber wall will

absorb strongly the radiation of lower energy and

will not be thick enough to provide electron equi-

librium for higher energy. The chamber is not

sealed, so corrections must be applied for devia-

tions from the atmospheric calibration condition

of 22°C and 760 mm Hg. Further, voltage sensi-

tivity measurements of the electrometer or a con-

stancy checker in the form of a long-lived radio-

isotope in fixed geometry are advisable to maintain

surveillance on over-all response.

Absorbed Dose Measurements. Ironically, and

in contrast to exposure dose, the measurement of

absorbed dose can be made in the high-energy

region (say, 1 mv and above) with relatively little

in the way of correction or criticism. For X-rays

from lower generating potentials, there is no dh'ect

way to measure absorbed dose. Several indirect

ways exist, but interpretation of readings made is

required in each case.

The microcalorimeter can measure the heating

produced under irradiation in a small amount of

material if the kind of material is chosen with care.

When plastics are chosen to approximate tissuelike

materials, part of the energy deposited produces

structural changes and does not appear as heating.

In fact, it has been said that a microcalorimeter

1100
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made of tissue, for example, would in principle

measure all of the energy deposition except that

which is responsible for any biological changes

(which, in cancer therapy, for example, is pre-

sumably the reason for the irradiation). Besides,

the structure of the microcalorimeter is likely to

perturb the photon flux, hence also the absorbed

dose which would have appeared at the site of

measurement in the absence of this detector.

Chemical dosimeters (see "Dosimetry, Chemi-
cal") are used frequently. For use in absolute

measurements, these must be calibrated against

known energy depositions. This calibration has

been accomplished directly above 1 mv, but not

below. Relative large volumes are required (3 to

100 cc), and the measurement pertains to the

average energy absorbed throughout the volume
used.

A cavity ionization chamber can be used for ab-

sorbed dose determinations if interpretation of

the readings follows the Bragg-Gray principle and
if certain limitations on the chamber are met. The
basis for the Bragg-Gray principle is : when X-rays
irradiate a medium, both the number of secondary
electrons produced per unit volume and their rate

of energy loss are proportional to the density of

the material. From this, it follows that the energy

deposited per unit volume is independent of the

density of the material. If it were possible to have
gases and chamber walls of the same atomic con-

stitution as the materials of dosimetric interest,

then for each set the ionization measurements in

the cavity chamber would be directly proportional

to the energy absorption in the walls (and sur-

rounding medium), and the constant of proportion-

ality would be known. These materials, however,
do not exist in most cases of interest; there is no
wall material yet devised to be equivalent to air.

Although the ideal does not exist, the principle

may nevertheless be applied when additional re-

strictions are imposed on the cavity chamber to

limit the inaccuracy occasioned by the practical

situation. For conventional X-ray quahties these

restrictions can be met only for very tiny chambers
and for gas pressure a small fraction of one at-

mosphere—both introducing technological diffi-

culties. For high-energy X-rays, the restrictions

are met rather easily and this principle has en-

joyed wide usage in this range.

Thus, for high-energy beams, ionization cham-
bers can be made small enough to satisfy Bragg-
Gray restrictions, chemical dosimeters can be cali-

brated precisely, or absolute methods based on
calorimetr^' can be used. At lower energies, none
of these methods is readily available, so absorbed
dose information is obtained only indirectly and
after a considerable amount of interpretation has
been applied to direct readin'j;s. Perhaps the best

method here is to attempt the measurement of

exposure dose in the medium at the point of con-
cern and to use calculated factors for the radiation

quality presumed to be present at that point to

convert the exposure dose to absorbed dose.

Limitations of Absorbed Dose. It should be
recognized that absorbed dose is a concept involv-

ing macroscopic energy deposition which is aver-

aged ov^er a macroscopic amount of material. Mi-
croscopically, the actual energy deposition is the

result of interactions between secondary electrons

and the atoms comprising the material. This is not
at all uniform. Many atoms are passed without
change, many accept small amounts of energy as

excitation, and some receive relatively large

amounts resulting in ionization or molecular frag-

mentation. The fluctuations in energy deposition

rate from point to point are very large. An older

concept of specific ionization—derived mainly from
work with gases—has led to a more general term,

linear energy transfer (LET). This concept still

characterizes an average energy deposition along
the path of a charged particle but does avoid the

ciuestion of the relative role of ionizations for

situations where this information is not available.

Free radicals (molecular fragments with un-

paired electron spins) are thought to be responsi-

ble for many radiation-induced effects, particularly

those occurring in aqueous solution. Several kinds

of free radicals must be present, and, further, the

relative proportion of each kind must change with

LET. Take the field of radiobiologj'- : more energy

must be deposited from high-energy X-rays than

from conventional (lower-energy) X-rays to pro-

duce a specific observable biological change. For
contrast, consider the ferrous sulfate dosimeter:

less energy deposition is required from high-energy

X-rays to perform the ferrous-ferric oxidation than

from the lower energies. Thus, although free radi-

cals are thought to be involved in both cases, there

must be important differences.

Conceivably, a thorough investigation of the

basic mechanisms involved, wherein observable

changes result from irradiation, could lead to a

measurable unit more directly related to the agents

responsible for the observable changes.
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UNITS, RADIATION: HISTORICAL DEVELOPMENT

The purpose of this article is to give a quick

historical review of the development of radiation

units together with a more detailed review of the

recent refinements and developments.

A difficulty that beset radiation dosimetry

through most of its history is that its basic ter-

minology was not estabhshed until quite late. The

term "dosimetry" is readily understandable as the

measurement of dose or the science of dose meas-

urement. It was the simple term "dose" that lacked

appropriate definition. The relevant dictionary

meaning of "dose" is "a measured quantity of a

medicine to be taken at one time or in a given

period." The application of "dose" in this sense

to an X-ray treatment must have come quite natu-

rally to the physicians who became the first radi-

ologists. Also, the early X-ray tubes were notori-

ously fickle ; interest was centered on the radiation

that came from the machine and was "given" to

the patient—dose is derived from the Greek word

dosis, meaning "a giving." However, there was not

a complete preoccupation with the radiation itself.

As early as 1913, Christen pointed out that what

radiologists should be concerned about is the en-

ergy absorbed from the X-ray beam by the body.

Because of the low absorption of the X-rays, this

is only a small part of the energy passing through

a region of the body. In later years, the technical

problems were overcome and radiobiologists, bio-

physicists, and the like turned their attention to

the patient and "dose" took on the meaning of

"absorbed from" or "received by." It is not sur-

prising that conflicting interpretations should have

developed in a subject that translated "a giving"

into "a receiving."

Another term that gave difficulty was "quan-

tity." For the early radiologists "quantity" of radi-

ation probably had the familar meaning of

"amount." For physicists, however, "quantit.y of

radiation" was a special technical term; namely,

the energy of the radiation per unit area. The con-

fusion was made worse by the frequent need for

the word in still a third sense, quantity in the

sense of a measurable property.

In the early years of radiology, measuring meth-

ods were based on many effects of the newly dis-

covered radiation. The calorimetric method dates

back to 1897. Various chemical, fluorescence, or

scintillation methods were used in the first years

of this century; one of the favorite systems de-

pended on the coloration of barium platinocyanide

pastilles. The photographic method, based on one

of the first observed effects, was made reasonably

quantitative as early as 1905. Changes in electrical

resistivity and a variety of biological effects were

also studied for dosimetry. The measurement of

ionization in gases gained and maintained an early

popularity. Each of these effects was made the

basis for an appropriate unit.

The first formal statement of a unit based on

ionization was due to Villard in 1908. Unit quantity

of X-radiation was defined as that which by ioniza-

tion liberates one electrostatic unit of electricity

per cubic centimeter of air under normal conditions

of temperature and pressure. This is the embryo

of the roentgen unit that was not born until twenty

years later.

There were several reasons for the popularity

of measurements based on the ionization of gases.

The existence of a saturation potential in a gas-

filled chamber provided a means of making repro-

ducible measurements by means of accumulation of

electric charge or by current measurement. Either

current or change of potential can be measured

with accuracy and precision over a wide range.

The universal availabihty of dry air led to its

adoption as a standard filling for ion chambers.

Ordinarily the material of which a chamber is

made has a pronounced effect on the ionization

that is produced in the gas in it. Through the work

of Friedrich and others, the free air chamber was

developed. This is a chamber in which the ioniza-

tion is independent of the material of construction

of the walls. Also, through the work of Fricke,

Glasser, and others, air-equivalent chambers were

developed that gave the same ionization per unit

volume as the free air chamber. The measurement

of air ionization leads to a result that is, in effect,

a sort of compromise between the two "dose" con-

cepts. To a fair approximation, for the X-ray

energies normally used in therapy in the period

considered (the 1920's), air ionization is propor-

tional to the quantity (physics) of radiation that

has passed through the chamber. This relates it

(approximately) to "dose" in the sense of "a

giving." At the same time, for those interested in

effects in tissue, the atomic composition of tissue

and air are such that the ionizing effects should be

roughly parallel in the two for those same energies.

This relates it (approximately) to "dose" in the

sense of "a receiving."

The Roentgen. The development of instrumen-

tation that gave reproducible results and the for-

mulation of a unit were closely related. Several

proposals for ionization units were made. Finally,

international agreement on a unit was secured. At

the First International Congress of Radiology

(1925) a commission, the International Commis-

sion on Radiological Units (ICRU), was formed

to deal with the matter of units. At the second

meeting of the congress in 1928, the ICRU made
the specific recommendations

:

1. That an international unit of X-radiation be

adopted.

2. That this international unit be the quantity of

X-radiation which, when the secondary electrons

are fully utihzed and the wall effect of the cham-

ber is avoided, produces in one cubic centimeter

of atmospheric air at 0° C and 76 cm mercury

pressure, such a degree of conductivity that one

electrostatic unit of charge is measured at satura-

tion current.

3. That the international unit of X-radiation be

called the "Roentgen" and that it be designated by

the letter small "r."

The roentgen unit, as we shall see, has survived

to the present time. The use of a common unit by

scientists in all countries has contributed im-

measurably to the progress of radiology. Never-

theless, the definition has contained the seeds of

misunderstanding from the very start. Apparently,

the intention of the ICRU was that "quantity"
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in its second recommendation was to mean quan-

tity (physics) of radiation. Then it was reasoned

that quantity (physics) was not measurable in

general, because it involves total absorption of

the energy passing through a surface. The roent-

gen was thus a substitute unit of quantity (phys-

ics). Critically examined, the procedure is inad-

missible, because two situations characterized by
the samp quantity (amount) in roentgens do not

represent the same quantity (physics) of radiation,

if the relevant absorption coefficients differ. For

this reason and because the "quantity" meant is

not specified, several authors have asserted that

the "quantity" in the recommendation ought to

be treated as quantity (amount). In that event,

the quantity (measurable property) of the radia-

tion of which the roentgen is the unit is nowhere
defined.

The original definition made no reference to

"dose," but almost immediately the roentgen was
described as the unit of X-ray dose.

Early Radium Dosimetry. Whereas X-ray do-

simetry was largely conditioned by the need to

establish a reproducible method of measuring the

"output" of a variable source, radium dosimetry

began with sources of fixed emission rate. It be-

came common practice to express dose as the

product of milligrams times hours of treatment.

Obviously such factors as the distance and dispo-

sition of the sources had to be stipulated to com-
plete the prescription. When radon was used in-

stead of radium element, an average strength had
to be used or a more elaborate calculation of milli-

curie-hours effected.

That dose was expressed in miUigram-hours or

some similar unit for so long was obviously not

due to lack of comprehension of the problem, but
rather to the then existing technical difficulties of

going at it in other ways. Three dose expressions

were commonly recognized in this period ; namely,
"dose emitted"—the energy released by the radia-

tion source, or some function reasonably related

to it; "dose delivered"—the energ^^ arriving at the

locus of biological interest, or some reasonably re-

lated function; and "dose absorbed"—the energy
imparted to the locus of interest, or some rea-

sonably related function.

Many biological effects were considered as bases

for the dose absorbed, including that of Russ
(1918), the amount of radiation necessary to kill

mouse cancer, and called the "rad"; a title that

has now been revived for absorbed dose measure-
ments. Perhaps the most widely used biological

frame of reference was the erythema dose, espe-

cially in the threshold erythema dose of the Me-
morial Hospital school. The threshold erythema
dose was said to be received from that amount of

radiation that would produce reddening of the

skin of the inner forearm in a certain percentage of

patients within a certain time.

By taking advantage of the first-order approxi-
mation that absorption and scattering in light

elements for radium gamma-rays can be neglected,

mathematical systems of evaluating "dose" for

external or intracavitary applicators developed.
These required only a knowledge of how to inte-

grate radiation functions, based on the inverse

square law, together with a reference dose-rate at

1 cm from a unit point source of radium. Sievert,

Mayneord, Failla and Quimby were among the

early contributors to this technology. One such
system is that of Sievert, based on the Intensity-

millicurie (Imc), a unit "intensity" defined as the

intensity of gamma radiation at a distance of 1 cm
for a 1 mg point source of radium filtered by 0.5

mm Pt. From the intensity unit is defined a unit

of quantity, Imc-hour, usually referred to as the

Sievert dose, and also frequently referred to as 1

cm mg-el-hr. The Sievert dose has a well-known
relationship to Eve's number,* from which a trans-

lation to "roentgens" can be made. Paterson and
Parker based their system of dosage on a useful

set of approximations to the radiation function

solutions coupled with an Eve's number conver-
sion from L. H. Gray's ionization data; this sys-

tem and the value of 8.4 r have been widely used
since 1932. All such derivations, prior to 1937, were
considered improper by some purists because the
definition of the roentgen (1928) limited its field

to X-rays. Actually X-rays differ from gamma
rays only in the manner of their origin so the use
of the roentgen for gamma radiation was quite

natural.

Redefinition of the Roentgen. The definition

of the roentgen was modified at the Fifth Inter-

national Congress of Radiology in 1937. Several
changes and events of importance to dosimetry
took place in the period 1928-1937. In this period,

the knowledge of the properties and effects of

radiation and of basic physics in general grew
enormously. The technology for the production
of radiation improved. The high vacuum X-ray
tubes introduced earlier made possible much more
reproducible X-ray machine outputs. The X-ray
excitation voltages available increased steadily.

The availabihty and use of radium increased.
The technology for the measurement of radia-

tion improved. Largely through the efforts of
Behnken and of Taylor, the various national stand-
ards laboratories reached essential agreement on
the form of free air chambers and the techniques
necessary for reliable roentgen measurements in

the then available energy range. Before the es-

tablishment of the roentgen, considerable work
had been done on the development of thimble
chambers for X-ray measurements, and commercial
dosimeters based on this were available as early as
1927. The definition of the roentgen placed all

these devices in the category of empirically
founded secondary instruments, requiring calibra-
tion against the free-air chamber. After 1928, the
extensive work on thimble chambers continued in

respect to making an air wall, choosing a satis-

factory wall thickness, correcting for the absorp-
tion in that wall, and extending the energy range
to include radium gamma radiation. The em-
piricism in thimble chamber construction offers no
obstacle to their successful use, provided the use

* Eve's number is the number of ion pairs formed
per second in air at standard temperature and pres-
sure b}^ the electrons produced in air, per cm^ of
air, by the gamma rays from a point source of 1 gm
of Ra in equilibrium with its daughters and placed
1 cm away.
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is confined to the demonstrated range of calibra-

tion against primary standards.*

The enunciation of Gray's Principle of Equiva-

lence in 1929 profoundly influenced the course of

dosimetry. The principle expresses the energy

absorption per unit volume of irradiated material

in terms of the measured ionization per unit vol-

ume in a suitably specified small cavity within

that material as

:

Er pWJ.

where p is the ratio of electron stopping power m
the material and the cavity gas respectively, and

W is the average energy required to produce one

ion pair in the cavity gas. Since it was pointed out

that W. H. Bragg had arrived at a similar proposi-

tion in 1921, the term Bragg-Gray Principle de-

veloped. There is a limit to the size of the cavity

if the Bragg-Gray principle is to apply. Gray ex-

plored this matter in one of his later papers and

showed that the principle is a convenient one in

the range of radium gamma rays, but extremely

taxing for X-rays generated at 200 kv or less. This

accounts for many of the observed discrepancies

in thimble chamber measurements, which led sev-

eral authors in this period to the conclusion that

there was no valid principle of small cliamlK>r do-

simetry.

Although Gray's main interest was in the field

of radium gamma-ray measurement, he made an

attempt to integrate this with the then current

X-ray dosimetry. To this end, he proposed that

the roentgen be redefined in such a way as to per-

mit its measurement with air-filled Bragg-Gra>"

cavities surrounded by air (in practice, air-equiva-

lent) walls. This was intended to permit measure-

ment with the standard free air chamber in the

appropriate energy range and with suitable thimble

chambers at higher energies. Some such change was
felt to be needed if X-ray and radium dosimetry

were to be placed on a common basis. Numerous
experimenters had worked with larger and larger

free air chambers to evaluate the Sie\'ert dose but

found the technology not yet adequate for the

purpose. Following Gray, several measurements
were made of the Sievert dose with Bragg-Gray
chambers (assuming a redefinition of the roentgen

such as proposed by GrajO. After an initial period

of erratic results, good agreement was achieved

between different measurements and led to the

tacit agreement among most qualified experts that

Bragg-Gray measurements were quite satisfactory

for dosimetry.

The growing popularity of thimble chambers
led to another change in dosimetry practice. The
practice envisioned when the roentgen was origi-

nally defined was that a chamber would be placed

in an unhindered X-ray beam and a measurement
in roentgens made. Then the patient would be

* It is a dangerous, yet common error, to consider

thimble chambers as Bragg-Gray cavities. This is

not so. They are chambers that have been empiri-

cally adjusted to give a response proportional to

that of a free air chamber over a specified energy
range.

placed in the beam and exposed for a period de-

termined by a correlation of previous experience

with measurements made in this way. This had

been and remained the common American prac-

tice. Here the quantity measured in roentgens was

considered a dose in the sense of ''a giving." On
the other hand in Britain, in particular, radiologists

began to place small thimble chambers at the sur-

face of, or inside, dummy bodies (called "phan-

toms"). In the phantom the chamber is exposed to

scattered radiation that it would not receive in

the unhindered beam. Phantoms were used in the

belief that what was measured in this way was

something that was closer to the ciuantity of ra-

diological interest than that given by the original

practice. It was felt to be more nearly the dose in

the sense of "a receiving." The results of the meas-

urements in phantoms were stated in roentgens.

This led to discrepancies in the experience of

American and British radiologists.

These changes in the technology and the prac-

tice of radiology led to pressure to revise the

definition of the roentgen. At the Fifth Interna-

tional Congress of Radiology (1937). it was rede-

fined as follows:

The roentgen shall be Xhv (piantity of X- or

gamma radiation sucii that the associated corpus-

cular emission ])er 0.001293 gram of air produces, m
air. ions canying 1 csu of (luantity of el(M'tricity of

cither sign.

An accoin])anying siatemont was:

The international unit of (luantity or dose of X-
ia>-s or gamma rays shall be called the "roentgen"

and shall l)e designated by the symbol "r."

Gamma rays were included in the definition as

well as X-rays. It was made clear that quantity

meant (luantity (physics). The accompanying

statement made use of the word "dose" with the

roentgen official. The statement seems to make

"quantity" and "dose" synonymous. Omission of

such words as "fully utihzed," "wall effect," "con-

ductivity," and "saturation current" removed the

necessity for using a free air chamber for the pri-

mary measurement in roentgens. This was made

definite by later statements m the same recom-

mendations that the primary standard instruments

for measurements in roentgens were the free air

chamber or the air-wall chamber (for harder radi-

ations). "One cubic centimeter of atmospheric air

at 0°C and 76 cm mercury pressure" was replaced

by the simpler equivalent term "0.001293 gram of

air."

It will pay to examine carefully the meaning of

the words, given in different order than in the

definition, "ions produced, in air, by the associated

corpuscular emission." Figure la illustrates what

ions are meant in the definition of the roentgen.

In a certain volume of air, secondary electrons are

produced. The ionization they produce in air, re-

gardless of whether that ionization is produced in

that same volume or not, is that referred to. Figure

lb illustrates something more akin to what is ac-

tually measured. If one collects the ionization pro-

duced in a certain volume, he will collect ions
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that were produced by secondary electrons that

were produced both inside and outside that same

volume. Inside a free air chamber and, effectively,

inside an air-wall Bragg-Gray chamber, the two

types of ionization are equal because of electronic

equilibrium. The words "fully utilized" in the

first definition implied the necessity of estabhsh-

ing electronic equihbrium. This left it uncertain,

however, which concept of Fig. 1 was meant. In

divorcing the new definition from explicit de-

pendence on the free air chamber, it was neces-

sary to make a choice between the concepts. The
choice was made in agreement with the then com-
monly accepted interpretation.

At the Sixth International Congress of Radi-

ology the ICRU appended this note to the defi-

nition of the roentgen : "The unit may ... be used

for most practical purposes for quantum energies

up to 3 mev." The reason given was: "It becomes
increasingly difficult to measure the dose in roent-

gens as the quantum energy of the X-radiation

approaches very high values." It becomes diffi-

cult because the range of the secondary electrons

from high energy photons is so great that it be-

comes impossible to achieve satisfactory elec-

tronic equilibrium. At a given point in air the

ionization will be partly due to electrons that were
produced in regions where the photon intensity

was significantly different from that at the given

point. The increased rate of energy loss by radi-

ation by high energy secondary electrons also

makes for difficulty in measurement, because the

radiation so lost must not be permitted to produce
ionization that is measured.
Absorbed Dose and Exposure Dose. After the

redefinition of the roentgen in 1937, the continu-

ing growth of science and technology resulted

finally in another change in the basic units for

radiation measurement. The developments in nu-
clear physics, particularly of high-energy accelera-

tors and of nuclear fission, had a profound effect

by expanding the area of concern to dosimetry to

include neutrons and other new radiations, high-

energy, heavy charged particles, and artificially

produced radioisotopes. These developments were
accelerated by the beginning of the atomic energy
program during World War II and the radiation

protection and radiobiological research problems
associated with it.

These new developments led rapidly to the
feeling that the best way to express the dose was
to give the amount of energy imparted to the mat-
ter per unit mass at the point of interest. Actually
this was one of the oldest of the ideas inherent in

the word "dose," but now people were forced to
use it to the exclusion of other dose concepts. The
case of slow neutrons can be used as one of the
most illustrative (but not most important) ex-
amples of why this is so. The idea of "dose
emitted" from a source is not applicable to slow
neutrons because there are no sources of slow
neutrons; they are produced by moderation of
fast neutrons in a suitable slowing down material.
The idea of "dose delivered" is just about mean-
ingless for slow neutrons because it is so small;
in the center of powerful nuclear reactors giving

• ••
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Fig. 1 : Ionization in air. The circles represent

ions formed along the tracks of secondary electrons;

the electrons were produced at the points marked
by the crosses. The solid circles represent the ions

that (A) are to be collected to meet the definition

of the roentgen and (B) are actually produced in

and collected from the given volume.

the highest slow neutron fluxes we know of, the

energy of the slow neutrons—the dose delivered

—

is only about the same as that of the photons in a

beam giving 1 r/hour. The idea of "dose absorbed"

makes sense; for equal energies absorbed, slow

neutrons give biological effects that are comparable

to those for other radiations.

The first steps toward an absorbed dose concept

were the use of different "equivalent roentgens."

The use of these equivalent roentgens was based

on the following reasoning: The roentgen was an

established, familiar unit. The unit of absorbed

dose should be closely related to the roentgen.

Photons that gave one roentgen would produce

an energy absorption of 83 to 85 erg/gm of air

(depending on the average energy loss by second-

ary electrons required to form an ion pair in air

(W); the equivalent of the roentgen is now taken

to be 86.9 erg/gm of air, corresponding to W =
33.7 electron volts per ion pair). They would pro-

duce 93-95 erg/gm in water or soft tissue. There-

fore, an equivalent roentgen was an absorbed dose

of X erg/gm. Different authors used values of X
from 83 to 95.

In the atomic energy program beginning in

1942, one was faced with the practical problem of

adding the doses received by a large group of

workers from photons, alpha, beta and neutron

radiation. Parker was led to develop a sj^stem that

was readily communicable. He used the "rep" as

an equivalent roentgen, based originally on A' =
83, but changed to X = 93, and "rem" as a bio-

logical "unit" obtained by multiplying the com-
ponents of the dose in rep by appropriate RBE
multipliers. Rep was an acronym for roentgen

equivalent physical and rem for ?-oentgen equiva-

lent man (or mammal). The principal merit of this

variation was in the communication advantage of

pronounceable terms, such as rep and rem, and
the simple arithmetical scale of relation.

At the First International Congress of Radi-

ology following the war (1950), the ICRU rec-

ommended that: "For the correlation of the dose

of any ionizing radiation with its biological or re-

lated effects . . . the dose be expressed in terms of

the quantity of energy absorbed per unit mass . .
."

In a note the}^ explained that "energ3" absorbed"
meant the energy imparted to the material by
ionizing particles at the place of interest. They
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recommended that the unit erg/gm be used for this

dose.

These recommendations were well received in

general, but were criticized for not supplying a

name for the concept considered and for not sup-

plying a unit similar in size to the roentgen. At

the 1953 Congress, the ICRU remedied these

difficulties by defining the "absorbed dose" as the

amount of energy imparted to matter by ionizing

particles per unit mass of irradiated material at

the place of interest. They also defined a unit, the

"rad" to be the unit of absorbed dose. One rad is

equal to 100 erg/g. This concept and its unit re-

ceived rapid and universal acceptance.

The definition of absorbed dose was bound to

cause confusion in speaking about the quantity

measured in roentgens. This, of course, was only

part of the general confusion that had always

existed about the term "dose." Now, however, a

quantity had been defined that used the term. In

a sense, this withdrew the sanction for the use

of the term with other concepts that had been as-

sociated with it. The ICRU recognized this

problem and considered the use of the term "ex-

posure" for the quantity measured in roentgens.

This was judged unsatisfactory, principally because

of the widespread use of "dose" and "roentgens"

in existing laws and regulations. For this reason,

the term "exposure dose" was chosen. The open-

ing words of the definition of the roentgen (1937

version) were changed to read: "One roentgen is

an exposure dose of X- or gamma radiation such

that . .

." Apparently in the belief that what was

measured in roentgens was well enough under-

stood, the meaning of exposure dose was only in-

dicated, rather than defined, as "a measure of the

radiation that is based on its ability to produce

ionization."

Recent Developments. We have already noted

that when air equivalent thimble chambers be-

came available, the practice grew of placing these

in phantoms in order to measure something more

closely related to what produced the biological

effect in the patient. When the Bragg-Gray prin-

ciple was advanced and accepted, variations of

this practice were introduced. For example, air-

equivalent chambers or Bragg-Gray air-wall cham-

bers were replaced by chambers with walls made

of or simulating tissue—sometimes soft tissue,

sometimes such special tissues as fat or bone. Ap-

pHcation of the Bragg-Gray principle to such

measurements permitted the determination of the

energy absorbed in the tissue; i.e., the absorbed

dose. These tissue-equivalent systems assume con-

siderable importance in the dosimetry of neutrons.

Another practice that developed was the attempt

to ehminate the walls of the chamber. This usu-

ally cannot be done completely because electrodes

are necessary to collect the ionization current;

however, some tissue-equivalent plastics that are

also conducting have permitted construction of

tissue-equivalent chambers in which the walls are

the tissue-equivalent material itself. In general,

though, the effort is to make the walls thin enough

that they do not materially affect the flux of

ionizing particles reaching the gas of the chamber.

These thin-wall techniques are especiallj' neces-

sary in the dosimetry of alpha and beta rays. It is

not always reaUzed that the Bragg-Gray principle

appHes as well to these thin-wall chambers as to

ones with thick walls. The older discussions of the

Bragg-Gray principle were frequently devoted to

its application to measurement of what we now
call exposure dose. In this application, thick walls

were required to establish the electronic equilib-

rium needed for the measurement of the exposure

dose, but the application of the principle itself is

independent of the thickness of the walls. Thin-

wall chambers also came into use in dosimetry of

X-ray and electron beams from high-energy ac-

celerators. The use of thin-wall chambers is essen-

tially forced upon us in this case. The secondary

electrons from high-energy photons have such long

ranges (of the order of one centimeter in tissue)

and the photon beam widths are usually so nar-

row that it is impossible to attain electronic equi-

librium. To even come close to a relative equilib-

rium would require chambers that would usually

be too large relative to the system being irradi-

ated to give results that were of any interest.

This intense attention to the practical art of

making gas ionization measurements led to various

proposals to make some ionization quantity and

the corresponding unit the basic ones for dosim-

etry. As early as 1937, Failla recommended that

ionization be measured in a thin-wall, vanishingly

small cavity (extrapolation chamber) placed in the

irradiated material at the point of interest, and

that it be expressed in units of the same size as the

roentgen and called "tissue roentgens." In 1938,

Holthusen recommended the same quantity and

called it the "ion dose." Similar recommendations

were made to the ICRU by the British in 1950

and by the Germans in 1956. The latter were based

on recommendations by Franz and Hubner who
not only advocated the term "ion dose," but sug-

gested that the roentgen unit be generalized so

that it could legitimately be used for any ion dose.

Their proposal led to much discussion in Germany.

Finally, it was adopted as a preliminary German

national standard. Schinz and Wideroe (1958) felt

that this generalization of the roentgen was not

apt to obtain international approval and that

change of a traditional unit was inadvisable any-

way. They suggested that a new unit, the same as

Failla's "tissue roentgen," be defined and given

the name "rho."

Although these later proposals were well received

in continental Europe, they were received less en-

thusiastically elsewhere. Many felt that the energy

concept employed in the definition of absorbed

dose ought to be used wherever possible in do-

simetry because of the fundamental position it

holds in the sciences. Ionization does not enjoy

such a position. Also, there is a reluctance to adopt

units based on one special method of measurement,

particularly in a period when so many other meth-

ods of measurement are being perfected.

The proposals of ionization quantities and units

provoked much new discussion of the whole sub-
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ject of the quantities and units used in dosimetry.

It became apparent that there was still dissatis-

faction with the formulation of the quantities al-

ready in use. It was also felt that not enough at-

tention had been given to making sure that all the

quantities and units were related in a firm, satis-

factory manner or that all the logically necessary

quantities had been defined. Still another opinion

was that the form and content of the definitions

of the quantities and units in radiation dosimetry

had not kept up with developments in other fields

of science and engineering, and, therefore, needed

revision. These factors led the ICRU in 1958 to

set up an ad hoc Committee on Concepts, Quan-
tities, and Units in the field of Radiation Dosim-
etry to recommend whatever changes were needed

to deal with these objections. The report of the

committee was presented to the ICRU in the

Spring of 1962. The ICRU is expected to issue

some revised definitions based on the recommenda-
tions in this report.

Note Added in Proof: The ICRU issued a new
set of recommendations late in 1962 ("Radiation
Quantities and Units, ICRU Report 10a, 1962," Na-
tional Bureau of Standards Handbook 84, U. S.

Government Printing Office, Washington D. C.)
that included the work of its ad hoc committee. All

of the definitions of radiological quantities were
changed to a common pattern employing basic

phj^sical quantities in precise mathematical rela-

tions. The meanings of the definitions were not
changed. The logical consistency of the definitions

was assured by basing them on a mathematical an-
alysis of the problems of dosimetry (Rossi, H. H.
and W. C. Roesch, "Field Equations in Dosimetry,"
Radiation Research 16 783 (1962)). No quantities
other than exposure dose that were based on ioni-

zation were defined; it was recommended that the
term "exposure" be used rather than "exposure
dose". The name "energy fluence" was given to
what we have called quantity (physics) of radia-
tion. A new quantity, the "kerma", was introduced;
it is a generalization of "exposure" and is defined
by energy rather than ionization quantities.
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URANIUM ANALYSIS. See Absorptiometry (Gamma).

URANIUM 235 ANALYSIS. See Gamma Scintillation Spec-

trometry.

URANIUM DIOXIDE IN STAINLESS STEEL DETERMINATION

IN SOLUTION BY X-RAY FLUORESCENCE SPECTROM-

ETRY*

Apparatus and Reagents. The apparatus used

in this laboratory consists of a North American
Phillips X-ray spectrograph type No. 12049 and
milliampere stabilizer type No. 52204 with an
FA60 tungsten target X-ray tube and a lithium

fluoride analyzing crystal. The X-ray tube was
operated at 50 kv and 30 ma. A scintillation

counter was used to record the counts. The solu-

tion cell has been previously described (2).

It is important that the space between the

scintillation crystal and the collimator as well as

the collimator itself be shielded with lead in order

to prevent pickup of scattered radiation by the

counter. Figure 1 shows a diagram of this shielding.

Reagent grades of hydrochloric, hydrofluoric,

nitric and perchloric acids were used to dissolve

the samples. Chemically pure strontium nitrate

was used to make the internal standard of 100

mg Sr (N03)2 per ml of solution.

Experimental Procedure. Standard Working
Curve. Perchloric acid solutions of synthetic mix-
tures of uranium dioxide and stainless steel were
prepared. An internal standard of strontium nitrate

was added to the solutions. The time to record

204,800 counts was measured for the K-alpha line

of strontium and the L-alpha line of uranium. The
ratio of counting times of strontium to uranium
was calculated and plotted against the concentra-
tion (mg/ml) of uranium to form the working
curve for uranium.
Sample Preparation, The sample of the ura-

nium dioxide-stainless steel compact weighing
about one gram was dissolved in 20 ml of a mix-
ture of nitric and hydrochloric acids. Several
drops of hydrofluoric acid and 15 ml of perchloric

acid were added and the solution was evaporated
until dense fumes of perchloric acid were given
off. The solution was cooled and 2 ml of the
standard strontium nitrate solution were added.
The perchloric acid solution was transferred to a
100-ml volumetric flask and diluted to the mark
with water. Approximately 10 ml of this solution
was used to fill the solution cell. The time (40
to 60 seconds) to record 204,800 counts was meas-
ured for the K-alpha line of strontium and the
L-alpha line of uranium. The ratio of counting
time of strontium to uranium was calculated and
the mg/ml concentrations of uranium were ob-
tained from the previously prepared working
curve

.

* This paper is based on studies conducted for
the Atomic Energy Commission under Contract
AT(ll-l)-GEN-8.
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Results and Discussion. Uranium dioxide can

be dissolved in nitric acid but the presence of the

stainless steel necessitated the use of aqua regia to

put the samples in solution. Hydrofluoric acid was
used to break up the insolubles and perchloric

acid was used to boil out the hydrochloric, hydro-

fluoric and nitric acids.

The internal standard was required to approach

the accuracy needed in the analysis. Without
strontium as internal indicator the ratio of ura-

nium to background would give results with an

accuracy of about 95 per cent. With strontium, the

accuracy improved to approximately 99.5 per cent

of the amount of uranium dioxide (5 ± 0.06 per

cent) present. Any observable interelement effect

is eliminated by adequate dilution of the sample.

The lead shield, as shown in Fig. 1, improved
the ratio of uranium to background by a factor of

2.

The correction of the uranium and of the

strontium counting times for background counts

did not improve the precision of the results.

Doubling the concentration of the stainless steel

in the solutions also had no effect on the intensity

ratios of uranium to strontium.

The variation of intensity of the L-alpha line

of uranium in the range of 1.5 to 3.0 mg/ml was
of such magnitude that a scintillation counter was
required to obtain the required precision in these

analyses.

Radiolysis. When an aqueous solution is ex-

posed to certain types of radiation (gamma, neu-

tron) gas is formed even though the solution is

cooled. The formation of hydrogen peroxide in

this procedure is caused by the radiolytic action

of the X-rays. This can be proved by placing a

colorless solution of titanium sulfate in the X-ray
beam and noting the development of the yellow

color of titanium peroxide. A rough calculation

shows that 1,000.000 roentgens of X-radiation are

produced in 3 minutes at 1 cm (path of the sam-
ple). The formation of hydrogen gas (creating

voids) causes a slight increase in counting time,

up to 1 second, on successive counts of the same
solution if counting times are prolonged ; however,

the ratio of intensity of uranium to intensity of

strontium remains the same.

Voltage Regulation. The voltage regulator

supplied with the X-ray equipment is not capable

of regulating the current required by the instru-

mentation. When the X-ray basic unit is operated

at 50 kv and 30 ma, it alone draws the maximum
rated load from the regulator. An additional

voltage stabilizer was, therefore, necessary to regu-

late the voltage input required by the electronic

panel. This was an important factor in obtaining

the precision in counting of which the equipment
is capable.

The original paper, Ref. 1, may be consulted for

further details.
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URANIUM AND THE TRANSURANIUM ELEMENTS ANALYSIS

BY X-RAY FLUORESCENCE SPECTROMETRY: HAN-

FORD TECHNIQUES*

The high degree of selectivity and sensitivity of

the X-ray fluorescence technique for elements of

high atomic number would naturally suggest its

use in actinide element analysis. The method is

independent of the valence state of the atom, and

the isotopic composition. The simpHcity of the

X-ray spectra allows mixtures of elements to be

analyzed with high precision and accuracy.

Table 1. Principal L Series X-ray Emission
Lines of Uranium, Neptunium, Plutonium,

Americium, and Curium.

Reflection

Wave- Absorp- Angle

Emission Line
Energy
(Kev)

length
(Ang-

tion Edge
(Ang-

Degrees 2 6

stroms) stroms)

LiF Topaz

UL71 20.163 0.6148 0.5919 17.56 26.21

ULiSi 17.218 0.7200 0.5919 20.(50 30.79

UL^2 16.425 0.7547 0.7223 21.60 32.32

U Lai 13.613 0.9106 0.7223 26.14 39.24

U La., 13.438 0.9225 0.7223 26.49 39.77

Np L/3, 17.745 0.6986 0.5740 19.97 29.86

NpL/32 16.833 0.73(54 0.7038 21.07 31.51

NpLai 13.940 0.8893 0.7038 25.52 38.28

Np Lao 13.758 0.9010 0.7038 25.86 38.81

Pu Ui 18.290 0.6778 0.5568 19.38 28.95

Pu L/3o 17.254 0.7186 0.(5862 20.56 30.73

Pu Lai 14.278 0.8682 0.6862 24.90 37.34

Pu Lao 14.083 0.8802 0.(5862 25.25 37.88

Am L/3i 18.845 0.6578 0.5403 18.80 28.07

Am L/?2 17.672 0.7015 0.6(592 20.06 29.98

Am Lai 14.614 0.8482 0.6692 24.32 36.45

Am La 2 14.407 0.8604 0.6692 24.67 36.99

Cm L/?i 19.393 0.6392 0.5244 18.27 27.27

Cm L^o 18.106 0.6847 0.6528 19.58 29.25

Cm Lai 14.961 0.8286 0.6528 23.75 35.58

Cm La 2 14.743 0.8408 0.6528 24.10 36.12

Instrument. Typical of the modern X-ray spec-

trometers capable of giving highly reliable results

is the General Electric XRD-5 used at Hanford.

For the actinide element analysis, primary X-
radiation is provided by a Machlett AEG-50 plati-

num target tube operated at a fully rectified 50

kv and 40 ma.
Secondary radiation from the sample is analyzed

by an LiF crystal with 2d - 4.0267A. A 5 mil paral-

lel plate receiving collimator is interposed between

the analyzing crystal and the xenon filled detector

tube.

* Work performed under Contract No. AT(45-1)-
1350 between the Atomic Energy Commission and
General Electric Company.
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Fig. 1. Sample holder for liquid samples.

Table 1 lists the principal L lines for uranium,

neptunium, plutonium, americium and curium.

Analysis. Liquid Samples. The actinide ele-

ments are alpha (a) emitting elements and the

handling of Hquid samples is simplified by being

able to work in surgeon's rubber gloves in an un-

shielded open face fume hood. Adequate air flow

is maintained to prevent spread of contamination

outside of the hood.

Samples are prepared by mixing with a diluent

to place the element concentration in the 0-10 g/1

range. A 0.5 M HNO3 - 0.5 M HCl solution is

used to provide a common matrix. After dilution

the sample is pipetted into small plastic sample

cups. A piece of 0.0025-in. "Mylar" plastic is

placed over the top to keep the solution in the

cup. The sample cup is then covered with an addi-

tional piece of 0.0025-in. Mylar as an extra safety

factor to minimize the health hazard from air-

borne or loose radioactive material. The sample is

then analyzed by X-ray fluorescence. (See Fig. 1.)

Aqueous working standards are prepared by

adding standard amounts of the actinide to the

diluent to give a set of standards covering the 0-10

g/1 concentration range. An internal standard is

added to improve the precision.

Organic samples are analyzed by adding the

sample to an organic common matrix and pro-

ceeding as for aqueous samples. Working curves

are prepared from standards made using the or-

ganic common matrix.

Dry and Powdered Samples. Dry samples are

handled in gloved boxes to prevent the particulate

material from being a health hazard.

To minimize particle size effects, the samples

are ignited to their respective oxides and a small

weight ahquot is added to an inert diluent such

as Talc, LiaCOs , or household solid form detergent.

The mixture is thoroughly mixed and ground for

30 minutes by an efficient mechanical mixer to in-

sure homogeneity and uniform particle size. The

mixture is compacted in special holders (see Fig.

^«WW ifl^

Fig. 2. Sample holders for powdered samples.
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Table 2

Element
Reflection

Angle
Internal
Standard

Reflectoii

Angle

LiF U 26.14 Lai Sr 25.11 Kai
Np 25.52 Lai Rb 26.58 Kai
Pu 24.90 Lai Y 23.76 Kai

Topaz U 39.24 Lai Sr 37.65 Kai
Np 38.23 Lai Rb 39.91 Kai
Pu 37.34 Lai Y 35.59 Kai

2) or pressed into pellets. The samples are then

wrapped in double layers of 0.0025-in. Mylar

plastic and analyzed.

Internal Standards. To eliminate variations in

the equipment and to compensate for effects trace-

able to X-ray absorption, internal standards are

used. Table 2 lists the internal standards used for

U, Np, Pu.

Mixtures of U, Np, Pu may be analyzed at ra-

tios up to 1:1:1. For analysis of this mixture yt-

trium is used as internal standard and the samples

are diluted to reduce interelement effects.

Reliability. A comparison of the standard de-

viation, s, to the standard counting error Sc is a

measure of the reliability of analytical results ob-

tained by the X-ray emission technique. When
the two standard errors are considered identical,

the spectrograph system can be considered to have

been stable during data accumulation. When the

standard deviation significantb^ exceeds the stand-

ard counting error, it is an indication that errors

are superimposed upon the random fluctuations

due to the X-ray emission process. Corrective ac-

tion is taken as necessary.

Statistical evaluations made on actinide ele-

ment analyses using the internal standard method
indicate that the analyses are unbiased. A standard

deviation of ±0.7 per cent for a single determina-

tion maj^ be expected when using long count

times, e.g., 1000 seconds.

Standard working curves are prepared by making
a minimum of 10 individual anabases at each
chosen concentration point. A Least Squares anal-

ysis of the data allows the best approximation of

the curve to be made. A plot of concentration vs.

ratio of element to internal standard gives a

straight-line working curve. A slope factor is used

to simplify routine calculations.

Uranium, neptunium, and plutonium in any
combination of two elements may be analyzed at

ratios up to 1:8 without seriously affecting ac-

curacy. At ratios of 1:10 low results of 5 to 7 per

cent may be expected for the element present at

the lower concentration.
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URANIUM X-RAY ANALYSES: GENERAL REVIEW

A number of methods of analysis have been in-

vestigated. Quantitative analysis for uranium by
X-ray fluorescence has been studied by Pish and
Huffman,^ Cope," and Smithson, Eager and Van-
Cleave.^ Rayleigh scattering has been employed
b}' McCue, Bird, Ziegler and O'Connor;* this

method is applicable to the determination of an
element of high atomic number in low atomic
number media (for example, uranium in dilute

HNO3). Analysis by X-raj'' absorption measure-
ments became more practical for routine work
with the development of a standardization tech-

nique using aluminum plates.^ Barton^ has deter-

mined uranium b}- X-ra}' absorption edge spec-

trometrj-; samples containing 1 to 15 mg U/ml
can be analj'zed directly while samples of higher

concentration msiy be diluted prior to analysis."

A precision of 1.2 per cent is reported for concen-

trations in the range of 5 to 15 mg U/ml. Almost
all of the above techniques have an advantage
over many other methods of analysis in that they

are not serioush' interfered with by other elements
present in the sample; where interference occurs,

corrections can often be applied. Moreover, analy-

sis is nearly independent of the chemical state of

the element. The greatest advantage is the speed
with which routine analj^ses may be carried out.

Limits of detection and accuracj^ vsiry, as does the

time required for analysis.

Perhaps the most widely applicable method is

that of X-ray fluorescence analysis, commonly re-

ferred to as X-ra}^ spectrometrJ^ This method wdll

be discussed in some detail, leaving the reader to

refer to the quoted references for the details of

other methods. It has been known for over a

quarter of a centurj^ that the characteristic X-ray
spectra of the elements in a sample of material

can be excited by a sufficienth^ energetic primary
X-ray beam, and that these secondary or fluores-

cent spectra can be used for anah'sis. However,
only within the last twentj^ years have techniques

and equipment become available to make fluores-

cence a useful tool in quantitative analysis. The
last decade has seen great advances in fluorescence

technology, particularly in its applications to the

needs of industry. The background of spectro-

chemical analysis is adequately dealt with in a

number of books and articles,®' ® and this discus-

sion will be limited to the specific case of quan-
titative analysis for uranium.
X-ray Spectrochemical Analysis For Uranium.

In the development of techniques for concen-
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tration of uranium and extraction of the metal

from its ores and leach solutions, a great many
analyses are required for study of the numerous

variables which must be adjusted. Particularly in

pilot plant or plant operations, a rapid and fairly

accurate method of analysis is desirable. X-ray

fluorescence has proven to be a valuable tool in

this respect. Chemical and fluorimetric methods

of analysis are somewhat more time consuming

and not very much more accurate. The funda-

mental relationship in spectrochemical analysis is

that the intensity of a fluorescent line of any ele-

ment in a specimen should be directly proportional

to the concentration of that element. Although

this is generally so, it must be pointed out that

serious errors can arise in quantitative analysis

due to enhancement or absorption of the analytical

fluorescent line. Irregularities may also be intro-

duced in the treatment of a sample prior to anal-

ysis or in the conditions of analysis. Realization of

these limitations makes it possible to compensate

for some errors and to develop techniques which

minimize others.

Required instrumentation is a major factor in

the decision to use spectrochemical analysis. Nec-

essary equipment includes: a high-voltage power

supply, a primary X-ray tube (usually with a

tungsten or molybdenum target, desirable for the

excitation of fluorescent spectra of the heavier

elements), an analyzing monochromator (LiF and

NaCl cr3^stals are commonly used), a radiation

detector unit. These are available commercially

in equipment like the General Electric XRD-5
.and the Philhps Spectrographs. More elaborate

analytical instruments are also produced by Phil-

lips, Hilger and Apphed Research Laboratories.

The degree of accuracy required will determine

how elaborate the analytical procedure must be.

An approximate analysis can be carried out by
packing a flotation concentrate from a given ore

in a sample holder and simply measuring the in-

tensity of the U Lai line in a spectrograph. Grind-

ing the sample until approximately 90 per cent

of it passes through a minus 400-mesh screen im-

proves the linearity of the intensity vs. concentra-

tion graph. Once a calibration curve has been

established, the routine analysis of samples of

reasonably constant matrix is very rapid: how-
ever, it may not be entirely reliable, since other

elements in the samples may alter the measured
intensity of the analytical line. In cases where

the range of concentration to be determined is

narrow and the matrices nearly equivalent, or

when the fluorescent analytical line is httle af-

fected by matrix changes it is possible to assume

that the ideal relationship between concentration

and line intensity is satisfied, and a simple working

curve can be constructed using samples of known
composition or artificial 'mock' samples.

One successful method of compensating for

matrix effects is the use of another element as an

internal standard. A fixed amount of an element

with a fluorescent line adjacent to the analytical

line (i.e., of similar wavelength) is added to each

sample; the ratios of the intensities of the two
lines can be used to determine the concentration

of the desired element in a specimen, once a

suitable working curve has been constructed. This

method presupposes that the fluorescent line of

the internal standard will suffer the same ab-

sorption and enhancement effects as the analytical

line. There are a number of factors to be con-

sidered in the choice of an internal standard: an

X-ray fluorescent peak adjacent to the one in

question, ready availability in an inexpensive and

stable form, sufficient peak separation from the

element in question to make background measure-

ments possible, absence from the matrix under in-

vestigation as well as from the X-ray tube target,

and no absorption or enhancement effects with

the element under consideration.^*^

Three elements have been used as internal

standards with uranium, bromine and yttrium,'

and strontium.^ The selection of an internal stand-

ard would have to be made with the particular

case of analysis in mind; one disadvantage with

strontium is its presence in some uranium-bearing

ores. The procedure adopted for addition of the

standard is important in that irregularities may
arise due to inconsistencies in the sample placed

in the spectrograph. A satisfactory procedure^ is as

follows

:

\. A 3-g sample of dry flotation concentrate or

finely ground ore is poured into a watch glass to

form a cone-shaped mass.

2. A crater is formed in the cone by pressing the

bottom of a small test tube down on the apex of

the cone.

3. One milhhter of absolute ethanol is added to

the crater. (The dry flotation concentrates are hy-

drophobic. The ethanol facihtates the spreading

of the aqueous solution through the sample.)

4. One millihter of aqueous Sr(N03)2 solution

containing 10 mg of Sr per milhhter is added to the

crater.

5. The sample is dried for 30 minutes under a

heat lamp, transferred to a mullite mortar, and

ground for 30 minutes.

6. A portion of the sample is packed into a sam-

ple holder and the significant part of the X-ray

spectrum either recorded or determined by set-

ting the spectrogoniometer at the appropriate 26

angles and counting for 100 seconds. The back-

ground count at the position of the peak is in-

terpolated from the background on either side of

the peak.

Sample preparation methods for X-ray fluores-

cence analysis have been discussed in detail by

Bertin and Longobucco,"^^ who have also listed an

extensive bibhography on the subject.

One instance where fluorescent analysis has been

particularly useful is in the direct analysis of

liquids, the organic and aqueous solutions from

solvent extractions and the pregnant leach liquors

resulting from the leaching of uranium ores or

their flotation concentrates. Analysis of hquids

requires a modified sample holder, a glass cell

and aluminum mounting plate, with a transparent

cover to contain the hquid sample. Pish and Huff-

man^ used a glass cell 32 mm in outside diameter

and 15 mm in over-all thickness, with a 5 mm
filling tube sealed to the side. The flat, open end
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of the cell was covered by a mica window placed

between a teflon washer and a fluorothene washer.

Smithson, Eager and VanCleave^ used essentially

the same type of cell, with a thin mylar window
and a single polyethylene washer. Bromine serves

as a convenient internal standard in organic solu-

tions (added as bromobenzene), while strontium

or yttrium are satisfactory in the aqueous phase.

Heating effects can cause errors due to reduced

intensity; however, with a standardized procedure

and moderately rapid work, the additional effort

involved in temperature control is not necessarj-,

though it may be justified for accurate analysis at

lower concentrations. The presence of other ele-

ments in the sample seems to have little effect on

the fluorescent analytical line, and the homo-
geneity of the solution tends to minimize matrix

effects generally. This is in agreement with the

results of work by Claisse,^^ who used matrix dilu-

tion by fusion with borax to reduce errors due to

variations in the matrix.

Accuracy to be expected varies with the speci-

men material; ±3 per cent of the amount of

uranium present seems reasonable for concentra-

tions down to 0.02 per cent U.3O8 for solid samples
and 0.05 mg U/ml. for liquid samples. Using an

LiF crystal and a Geiger counter detector, the

lower limit for quantitative analysis is about 0.005

per cent UaOs or 0.01 mg. U/ml. Van Niekerk, de

Wet and Wybenga^^ have used ion-exchange resins

in combination with fluorescence to further reduce

the minimum amount detectable. The uranium is

first concentrated on a suitable anion exchange
resin, which is then analyzed directly on an X-ray
spectrograph. Batch extraction with rapid estab-

lishment of equilibrium and good reproducibility

gives an enrichment ratio of about 250:1.

As mentioned earlier, the prime advantage of

X-ray fluorescence analysis is speed. Solid samples

can be analyzed on a routine basis without an in-

ternal standard in less than one-half hour. Using

an internal standard, the time required is slightly

longer, but the time per sample is still below one-

half hour. Direct analysis of liquid samples re-

quires only ten to fifteen minutes per sample.
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VAN DE GRAAFF X-RAY GENERATORS AND PARTICLE

ACCELERATORS. (See also Circuits, Electrical)

Among the many varieties of high-energy (su-

pervoltage) radiation sources, whether machine-

produced or radioactive, the Van de Graaff par-

ticle accelerator possesses a unique combination

of desirable characteristics, including

:

1. Homogeneous and controllable particle en-

ergy, in the 0.5 to 14 mev range; 2. Well-collimated

or focused particle beams; 3. Operation alterna-

tively in d.c. or pulsed mode; 4. Freedom of par-

ticle choice for acceleration, including electrons,

protons, deuterons, alphas, and heavier ions; 5.

Prolific beams of secondary particles and radia-

tions, such as penetrating X-rays (bremsstrahlung)

and controllably monoenergetic neutrons; 6.

Readily calibrated parameters of performance.

These accelerator systems are widely used in

programs of precise research, as well as for clinical

therapy and industrial radiography. Over 350 Van
de Graaffs are in operation throughout the world,

of which about 75 are in routine use in medical

centers and industrial laboratories. Most of these

accelerators and X-ray generators produce par-

ticles and radiations in the 1 to 4 mev range. Many
research laboratories, however, are equipped with

more sophisticated Van de Graaff facilities, operat-

ing at energies up to 14 mev.
Historical Background. R. J. Van de Graaff,

in 1929, ai)i)lie(l the principles of electrostatics to

the generation of very high voltages. By mechani-

cally transporting electric charge on a rapidly mov-
ing belt running between a grounded enclosure and

the interior of an isolated high-voltage sphere,

Van de Graaff eliminated the former hmitations of

electrostatic voltage generation. His first model
operated at 80,000 v. By 1931, he demonstrated to

the American Physical Society a larger system
comprising two generators at opposite polarity, to

attain a constant potential of over 1,000,000 v.

This model is still in use at Princeton University

for physics lecture demonstrations.

Supported by Iv. T. Compton, President of

Massachusetts Institute of Technology-, and funds

from Research Corporation, the first large-scale

Van de Graaff generator was built, with prototype

voltage tests at Round Hill, Massachusetts, in an

old dirigible hangar, performing up to 5.4 million v.

The final installation was made during 1937 on

the M.I.T. campus as an electron accelerator

operating up to 2.7 million v. Later converted to

positive-ion use, this accelerator contributed sig-

nificantly to radiation research until 1952, after

which time it was transferred to the Boston Mu-
seum of Science.

Directly after Van de Graaff's announcement of

his original achievement, laboratories throughout

the world started construction of electrostatic ac-

celerators, predominantly for nuclear physics. A
rapid evolvement of improved designs rapidly

poured out of these laboratories in the mid-30's, to

advance the Van de Graaff technology.

J. G. Trump of M.I.T. instigated a continuing

electrical-engineering program of electrostatic-

generator development during this period. With
Van de Graaff, he constructed the first 1,000,000 v.

X-ray generator for cancer therapy at Huntington

Memorial Hospital in Boston, in 1937. Shortly

thereafter, a 1.25 Mev model was built for Massa-

chusetts General Hospital, utilizing a more com-
pact design. By the end of 1942, the Van de Graaff

supervoltage X-ray generator was well on its way
to clinical recognition.

World War II brought forth a new requirement

for radiographic inspection of Na^'y ordnance, a

need for intense X-ray sources with penetrating

Fig. 1. A modern Van de Graaff X-ray generator
for clinical therapj', operating at 2 million volts,

75 roentgens per minute at one meter. {Courtesy
University of Peyinsylvania Hospital)
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characteristics similar to those of radium. Van de

Graaff's laboratory at M.I.T. engaged in the de-

sign, construction, and installation of five 2-Mev
X-ray generators, each one equivalent to over 3000

g of radium. The concept of precision supervoltage

radiography was introduced at this time, utilizing

X-rays from an electron focal spot less than one

millimeter in diameter.

The success of these machines for the U. S.

Navy created a postwar demand b}^ several uni-

versity laboratories and hospitals, for Van de

Graaff X-raj' generators and particle accelerators

At the terminal, the charge Is

automatically transferred from

the belt to the terminal, thereby

establishing a high potential or

voltage difference with respect

to the lower end of the

accelerator.

The belt mechanically ca

the charge to an insulated, hem

ispherical, high-voltage termina

Negative electric charge is

sprayed on a rapidly moving

insulating belt.

The high-voltage terminal is in-

sulated from the shell of the

accelerator by an atmosphere

of compressed nitrogen, which

prevents arc-over.

A glass and metal tube, main-

tained at a very high vacuum,

provides the only path for the

electrons to escape from a

heated cathode.

The electrons forming the high-

energy beam are accelerated to

extremely high energies by the

potential difference between

the terminal and the lower end

of the accelerator.

This electron beam is scanned

by magnetic coils to cover uni-

formly the product

beneath."^

Fig. 2. Operating principles of the Van de Graaff accelerator.
* Alternatively, the electron beam is intercepted by a gold or tungsten target for X-ray

production.
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in the 2 to 5 Mev range. In late 1946, Trump and

Van de Graaff, with guidance by Compton, es-

tabhshed High Voltage Engineering Corporation,

for the purpose of manufacturing particle ac-

celerators for research, medicine and industry.

Since its formation, HVEC has installed over 250

Van de Graaffs in 26 countries of the world, pro-

viding particle energies up to 14 Mev.
Operating Principles. All Van de Graaffs in-

clude the following components for the accelera-

tion of charged particles:

1. Electrostatic means for generating high volt-

age; 2. Source of electrons (from a heated cathode)

or positive ions (from a high-frequency gas dis-

charge), located within the high-voltage terminal,

and mounted on the acceleration tube; 3. Evacu-

ated acceleration tube, across which the total

electrostatic voltage is impressed, with careful con-

trol of the voltage gradient along the surface of the

tube; 4. Target (for X-ray or neutron production)

or thin window (for electron irradiation) to seal

the grounded end of the acceleration tube and to

intercept the beam of accelerated charged par-

ticles; 5. High-vacuum system, to maintain the

proper vacuum conditions in the volume of the

tube; a sealed-off tube is used for therapy and

radiography, but a diffusion-pumping system is

desirable for research.

Within a grounded enclosure, electric charge

(either negative or positive) is continuously

sprayed by corona discharge onto a rapidly moving

insulating belt. The charge is mechanically trans-

ported to the interior of a hemispherical high-volt-

age terminal, insulated from ground. Within the

terminal, the charge is automatically transferred

from the belt to the surface of the terminal,

thereby establishing a high potential with respect

to ground. The high-voltage terminal is insulated

from the surrounding shell of the accelerator by an

atmosphere of compressed nitrogen and carbon

dioxide, for more compact design.
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VIRUSES, RADIATION INACTIVATION OF

The mechanism of virus inactivation by ionizing

radiation differs depending on whether the viruses

are irradiated in the dry state or in aqueous sus-

pension. Pure virus suspensions are inactivated by

the reactive radicals and hydrogen peroxide formed

in the solvent during irradiation. The very short-

lived radicals formed in the solvent diffuse to the

virus surface and react there producing structural

changes which result in inactive forms of the virus.

This effect is known as indirect action or the in-

direct effect of radiation. Large numbers of radicals

are apparently necessary for inactivation of a vi-

rus particle. The inactivation efficiency of the radi-

ation is decreased by the addition of solute mole-

cules which combine with radicals and peroxide.

These solute molecules combine with the radicals

which otherwise might react with the virus and
thus the protective effect increases as the ratio of

total solute mass to virus mass increases and de-

pends strongly on the chemical structure of the

protector. Substances like cysteine, cysteamine,

and nutrient broth are good protectors.

When dried virus particles are irradiated the

effect of activated solvent molecules disappears

and inactivation occurs as a result of ionization

energy released inside the virus. This effect is

known as direct action or the direct effect of radia-

tion. Virus suspensions which contain sufficient

concentrations of protective substances to elimi-

nate the indirect effect of activated solvent mole-

cules are also inactivated by the direct effect of

the radiation.

The surviving fraction of virus after irradiation

is related to the dose (D) by the relationship: sur-

viving fraction = e~^^, where V is the radiosensi-

tive volume. This equation describes a single hit

process in which one ionization event in a radio-

sensitive volume is sufficient to cause inactivation.

The radiosensitive volume is not necessarily re-

lated to any physical volume, but is usually used

as a measure of the radiosensitivity of the mole-
cules or viruses being studied with radiation. It is

observed that the radiosensitive volume of a virus

is less when irradiated in the dry state than when
irradiated in aqueous suspension indicating that

the virus has become less radiosensitive when
dried. This results from the fact that viruses in

aqueous suspension are inactivated both by ioniza-

tions in the surrounding medium (inactivation by
radicals) and by ionizations inside the virus, while

in the dry state only those ionizations inside the

virus cause inactivation.

The radiosensitive volume for inactivation also

depends on the X-ray energ^^ and the tempera-
ture during irradiation. The radiosensitive volume
increases for increasing X-ray energies up to 25

kev and remains nearly constant for higher ener-

gies. This energ3' dependence arises from the fact

that low-energy X-rays produce low-energy photo-
electrons. The ionizations from low-energy- elec-

trons tend to be localized along the electron tracks,

whereas the ionizations produced by high-energy

electrons are distributed more randomly in space.

The most striking feature of the radiosensitivity

temperature dependence in the dry state is the
abrupt rise in radiosensitivity above 80°C. In this

temperature range the viruses are being thermally
inactivated at a high rate and one observes the
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synergism between the thermal and ionization ef-

fects.

X-ray inactivation studies indicate not only the

radiosensitive volume of the virus structure being

studied but also the number of ionization events

which are necessary for inactivation. Where the

direct action of radiation on virus multiplication

has been studied, single-hit inactivation curves

have been obtained indicating that one ionization

cluster in the sensitive volume causes inactivation.

Influenza and Newcastle disease viruses possess

enzymes which catalyze the breakdown of the host

and red blood cell membranes. As many as fifteen

ionizations must occur in the virus particle before

these enzymes are inactivated. It is generally found

that the radiosensitive volume related to vnus

multiplication is much larger than the iadiosf>nsi-

tive volume for the virus enzymes.

The bacterial and plant viruses contain proteins

which form a protective coat surrounding nucleic

acid molecules. The protective protein of the plant

and small animal viruses can be remo\'ed without

completely inactivating these particles, indicating

that the protein, while useful to the \ inis, is not

absolutely essential. The bacterial and plant vi-

ruses have radiosensitive volumes which are nearly

equal to their nucleic acid volumes. These results

have been interpreted using the target theory in

which it is assumed that the radiosensiti\'e volume
measured for dry viruses corresponds to tli(> ph>'si-

cal volume of the radiosensitive material in tlie

virus particle. The target theory analysis of llie

plant and bacterial viruses results in the conclu-

sion that these viruses are inacti\ate(l niainl>' l)y

ionization clusters inside the nucleic acid mole-

cules. Animal viruses contain either deoxyribo-

nucleic acid (DNA) or ribonucleic acid (RNA)
and in neither case are the radiosensitive volumes
of these particles equal to their nucleic acid vol-

umes. The viruses, such as influenza, which con-

tain RNA have radiosensitive volumes larger than

their nucleic acid volumes indicating that these

viruses contain other radiosensitive structures in

addition to the RNA. The animal viruses, such

as vaccinia, which contain DNA, have radiosensi-

tive volumes w^hich are smaller than their nucleic

acid volumes indicating that not all the DNA
of these particles is radiosensitive.

The eclipse phase is the period beginning with

the time of virus infection of the host cell and

ending with the emergence of new virus particles.

Irradiation of infected host cells w^ith X-rays dur-

ing the eclipse phase inactivates the partially

formed viruses before they are released from the

cell. The number of ionizations required to in-

activate all the virus rephcas in the cell increases

during the eclipse phase as the number of virus

replicas increases. Irradiation of host cells before

infection results in a decreased capacity of the cell

to support virus multiplication.

Radiation doses which are large enough to in-

activate all virus particles in a suspension may be

used for sterilization purposes. Doses of 1 — 6 X
10" rep will totally inactivate suspensions of rabies,

Shope papilloma, or vaccinia virus. These totally

inactivated preparations may be used as vaccines.

When vaccines wliicli contain killed virus particles

are injected into the blood stream of an animal,

antil)odies arc formed which specifically react

against the jn-otcin coat of the \inis particle. The

efficacy of the radiation-produced vaccines results

from the fact that each \-irus particle has suffered

relatively few ionizations and tlie protein coat of

the.se i)articles is altered \ery little compared to

li\c \irus(^s.
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WATER AND AQUEOUS SOLUTIONS: RADIATION CHEM-

ISTRY

Chemically reactive species are formed by en-

ergy absorbed from ionizing radiations in the

gaseous, liquid, or solid states of water. The effect

of alpha and beta rays on liquid water was first

studied in the period of 1900-1925; it was found to

be decomposed into hydrogen, hydrogen peroxide

and oxygen. This decomposition of water was ex-

plained as an electrolysis, since it was known that

an ionized gas conducts an electric current, and

that an electric current passing through an aqueous

solution liberates hydrogen and oxygen at the

electrodes. But more important than this de-

composition of water was the observation that the

radiations from radium salts reduce ferric sulfate,

and hberate halogens from alkah and alkaline

earth iodides and bromides. These studies were

carried out with feeble radiation sources com-

pared with the present-day powerful X-rays, Co-

balt-60 gamma rays, and the particle radiations

from reactors, cyclotrons and electron accelerators.

These new irradiation sources have provided a new

incentive and means for investigating phenomena

occurring in water irradiated by charged particles.

Radiation chemistry has taken on great significance

in chemistry, biology and reactor engineering be-

cause of the important role that free radicals have

in these sciences. To the chemist the role of the

hydrogen atom and hydroxyl free radical in pro-

moting chemical reactions in water is being ex-

tensively investigated. Some of the basic concepts

and the general principles of actions of the species

generated by charged particles will be briefly

discussed.

The Basic Phenomena in Irradiated Water.

The loss of energy by ionizing particles produces

species in water responsible for the promotion of

chemical reactions. On the basis of current theory

the water molecule is ionized and dissociated to

produce the free hydrogen atom and the hydroxyl

radical. The dissociation reaction leading to these

free radicals is

:

H.O - H OH.

Water is also dissociated photochemically b^' the

ultra\iolet liglit of wavelengths less than 2000A

units. The really uniciue primary process taking

place 111 water is ionization shown b^' the reaction,

H.O - H.O^ + er,

where e,' is a seconchuy electron. Tlicn the H-0^
and the cr form the h.\'drox>'l radical and hydro-

gen atom respecti\'cl>' by the following reactions:

H.O^ + H.O ^ HaO^ + OH

and

followed by

!.,- + H.O -^ ea

+ H-^ H

eacr^H + OH".

These reactions involve the secondary electrons,

er, and the hydrated electrons, eaq" .
The sec-

ondary electrons lose their excess kinetic energy

very rapidly and are reduced to thermal energies m
about 10-'^ sec. And then in about 10"^' seconds they

become hydrated, forming eaq".

The net reaction of these ionization processes is:

3H.0 ^ HaO^ + H + OH + OH-

This reaction is equivalent to dissociation of the

water discussed above. Therefore, the dissociation

of water and the ionization of water lead to the

same products, hydrogen atoms and hydroxyl free

radicals. A basic difference, however, exists be-

tween the photolysis and radiolysis of water. In

photolysis, excitations are distributed at random

throughout the irradiated volume according to the

laws of light absorption. In radiolysis, however,

isolated "spurs," or energy-rich zones appear

along the track of the ionizing particle. A sche-

matic picture of water decomposition by a 40 Kev

electron, an 18 Mev deuteron, and a 5.5 Mev a-ray

is shown in Fig. 1. In this figure each dot repre-

sents an energy deposition corresponding to the

decomposition of one water molecule. Note in the

case of the electron and deuteron that there are

clusters of these dots (spurs) representing the

dissociation of several water molecules into free

radicals. Radiation chemistry concerns itself with

the types of reactions induced by such clusters as

well as the isolated reactive species. In these spurs,

which are initially of the order of 30A units in

diameter, free radical concentrations approach 1

M. The clusters are very close together for the

a-particle. Subsequent radical-radical reactions

lead to hydrogen and hydrogen peroxide, as shown

by the equations

:

H
OH-

h H ^ H.
OH ^ H.O.

.

The water rcconstitution reaction is:

H + OH ^ H.O.

Clearly these radicals, combining within the spur,

produce no chemical change to added solutes, and
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H..^*

Fig. 1. Tracks in H2O by ionizing particles:

bottom, 5.5 Mev a-ray. Scale : 1 cm =^ 100 A.

Table 1. (r(Fe'^+) for Various Ionizing
Radiations for the
Fricke Dosimeter.

Radiation G(Fe3+)

30 mev electrons

2 mev electrons

Co^" 7-rays

100-kvp X-rays
8-kvp X-rays
Tritium |S-ra3'-s

21-mev deuterons
6.2-mev deuterons
40 mev a-particles

5.3 mev a-particles

1.99 mev protons
Li^ {n,a) H^ recoils

B^" (n,a) Li^ recoils

U^^^ fission fragments

16.3

15.45

15.6

14.7

13.4

12.9

11.3

8.5

8.7

5.1

8.0

5.7

4.22

3.0

only the radicals escaping these spur reactions are

effective in promoting chemical changes. While
radiation chemists have been concerned about the

decomposition of water by ionizing radiations,

their principal interest is in studying the mecha-
nisms of reactions induced by these free radicals.

And in order to place radiation chemistry on a

sound quantitative basis, chemists have measured
the yields of these chemically reactive species

generated. This is done by chemical methods.
Physical methods are also used but they are

discussed elsewhere in this volume.
Chemical Dosimetry, This special branch of

dosimetry is based on the principle that quantita-

tive oxidation and reduction reactions take place

top, 40 Kev electron; center, 18 Mev deuteron;

in irradiated water to an extent directly propor-

tional to absorbed energy. In general, any quanti-

tative oxidation or reduction reaction may serve.

But of all the chemical S3'stems available for

dosimetry, the most reliable and most widelj^ stud-

ied one is the oxidation of ferrous sulfate. This
system is useful in measuring absorbed doses in

the range from 1000 to 50,000 r. Other chemical

systems, such as eerie sulfate, extend this range
upward to 10^ r. It is general practice to calibrate

other chemical systems with ferrous sulfate. Ab-
solute calibration of the ferrous sulfate dosimeter
to absorbed dose has been made by calorimetry,

which avoids the assumptions inherent in ioniza-

tion procedures. The ferrous sulfate, or Fricke

dosimeter, as it is called, is currentl}^ used to meas-
ure the energy absorbed by X-rays, gamma rays,

and a variety of ionizing radiations. The ferric ion

yield, expressed as GCFe^"") for a number of the

more commonly used radiations, is given in Ta-
ble 1. Thus, by a simple measurement of a chemi-
cal change induced by ionizing particles, the
energy absorbed may be readily measured. The
Fricke dosimeter consists simply of 0.001 A'' ferrous

sulfate dissolved in 0.8 N sulfuric acid. In the case

of each of the ionizing radiations cited in Table 1,

the ferric ions produced are directly proportional

to energy inputs for electron pulses up to 2 X
10^ r/sec. Above 5 X 10^ r/sec, G(Fe^^) diminishes

with increasing dose rate. Consequently the Fricke

dosimeter becomes less reliable at these high dose

rates, but this deficiency is expected to be an in-

herent property of all chemical dosimeters. At
dose rates of 2 X 10® r/sec and higher, chemical

dosimeters require calibration curves of chemical

vield vs. dose rate.
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The chemical reaction for the ferrous sulfate

dosimeter is a net oxidation by the dissociation

products of water and by dissolved oxygen

:

4Fe"" + O2 + 2H2O -^ 4Fe='" + 40H-

For doses higher than 5 X 10* r, measurable with

the Fricke dosimeter, the eerie sulfate dosimeter

is useful in the range up to the 10' r. Solutions of

eerie sulfate are reduced to cerous ion with the

evolution of oxygen by all types of ionizing radia-

tions. It is principally because of the relatively low

yield of eerie ion reduction, and to the fact that

this dosimeter does not depend on oxygen that it

is useful up to such high doses. The net reaction

is:

2Ce*-^ + mo ^ 2Ce'^ + 2H" + 1/202

.

Chemical Yields of Reactive Species. Chemical

dosimetry has provided the chemist with a simple

and accurate method of measuring absorbed dose.

And in recent years chemists have busied them-

selves with the measurement of hydrogen and

hydroxyl radical yields obtained from the absorp-

tion of a given amount of energy. These yields

have proved valuable in unravelling the mecha-

nisms of complex chemical reactions. In the fol-

lowing discussion the symbol "G" denotes experi-

mentally measured yields in molecules per 100 ev

of energy absorbed by the system. For example,

GdlsOs) and G(Fe='+) indicate the number of

hydrogen peroxide molecules and ferric ions re-

spectively per 100 ev of energy absorbed. And
since hydrogen and hydrogen peroxide are formed

directly from the water, or by interaction of the

H and OH radicals on added solutes, our sym-

bology will be simpHfied by denoting the yield of

species produced directly from the water by lower

ease "gJ' Thus the yields of hydrogen and hydro-

gen peroxide formed directly from the water are

given by 9^(112) and f/(H202), and the radical

yields of hydrogen atoms by gr(H) and of hydroxyl

radicals by gr(OH). These latter yields are the im-

portant ones in quantitative radiation chemistry, as

will be shown below. Table 2 briefly summarizes

the yields of these species in irradiated 0.8 A^

sulfuric acid and in neutral water. In strong acid

solutions, hydrated electrons are completely con-

verted to hydrogen atoms and react as such with

solutes. However, in weakly acid, neutral or alkahne

solutions, the reactive species may be the hydrated

electron instead. Differentiation between the reac-

tions of these two reducing species is difficult and

in the absence of definitive data, g(H) represents

the sum of the H-atom and e'aq yields in Table 2.

A number of chemical systems, in general, are

required for the measurement of gf(H), gr(OH),

^(Ho) and gr(H202). The ferrous sulfate oxidation

and the eerie sulfate reduction reactions are used

in measuring these yields. The oxidation of ferrous

ion in the presence of oxygen, G(Fe^'^)o2 and in

the absence of oxygen, G(Fe^"^)vac , serves to show
how the hydrogen atom yield may be measured.

These yields are expressed by the following two
equations

:

Table 2. Radiation Yields in Air-Free 0.8 N
Sulfuric Acid and Air-Saturated Water.

Radiation g(H) g(OH) g(H2) g(H202)

Air-free 0.8 N Sulfuric Acid

Co'^'' gamma-rays
Co*'" gamma-rays'
18 mev D+
8 mev D+
32 mev He++
Bio(n,«)Li7

3.65 2.95 0.45 0.80

3.70 2.92 0.39 0.78

2.39 1.75 0.71 1.03

1.71 1.45 1.05 1.17

1.28 l.OP) 1.14 1.25

0.23 0.41 1.66 1.57

Air-Saturated Water

Co^° gamma-rays
18 mev D+
32 mev He++
11 mev He++

2.78 2.28 0.42 0.67

1.55 1.13 0.66 0.87

0.93 0.85 0.80 0.94

0.19 0.41 1.19 1.08

* Aerated Solutions.

G(Fe^io2 = 2g{-R,02) + SgilL) + gr(OH)

G(Fe^+)vac = 2g(H202) + g(H) + sr(OH),

and by setting up the difference

i/2[G(Fe='^)o2 - G(Fe^-)vac] = gim,

g(B.) is directly obtained. The other quantities,

g(OH), g{B.202) and giB.2), may be derived from

other reactions and measurements.

Reactions of Water Decomposition Products.

The extent to which water decomposes depends

on density of ionization of the charged ion (LET),

on chemical factors, and on physical conditions of

irradiations. In spite of the fact that hydrogen

and hydrogen peroxide, represented by the yields

^(Ho) and g(H202), are products in the radiolysis

of water, an analysis of carefully purified, air-free

water irradiated by T-rays, X-rays or electrons,

indicates only trace quantities of these compounds.

In contrast to the apparent stability of water to

these radiations, a-rays and the recoil fragments

of the B^° (n, a) Li 7 reaction decompose water

continuously. This difference in behavior in ir-

radiated water exposed to these two types of

radiations, is explained by the recombination of

hydrogen and hydrogen peroxide to reform water.

The net reaction is

H2 + H2O2 ^ 2H2O,

and it is brought about by the following two free-

radical reactions

:

OH + H2 ^ H.O + H
H + H2O2 -^ H2O + OH

Whether or not decomposition of the water takes

place is determined by the relative proportions

of the molecular products, hydrogen and hydrogen

peroxide, and of the free radicals, hydrogen and

hydroxyl. In the light particle radiations, the

preponderance of H and OH is sufficient to com-

bine all hydrogen and h^-drogen peroxide formed.

On the other hand, the free-radical yields of a-rays

and the B"^" recoil fragments are insuflScient to
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bring about any significant amount of recombina-

tion. The net result is a decomposition of the

water (see gim] and g [H2O2] in Table 2).

After prolonged irradiations, oxygen appears in

the heavy particle irradiated water. As far as can

be ascertained, oxygen is not a primary product,

but it appears as a result of a free-radical induced

decomposition of hydrogen peroxide. The reactions

are:

OH + H2O2 ^ HO2 + H2O
HO. + HO2 ^ H2O. + O2

Oxygen may also arise as a consecjuence of the

thermal decomposition of hydrogen peroxide or by
the impurity-catalyzed decomposition of hydrogen
peroxide.

Above it has been shown that hydrogen peroxide

reacts with hydrogen and hydroxyl radicals. These
radicals also react with hydrogen gas. While no ap-

parent reaction takes place in irradiated water
containing dissolved hydrogen, it is easil}^ demon-
strated that reaction does, indeed, take place.

Isotopic changes occur in irradiated HoO contain-
ing dissolved deuterium. Hydrogen deuteride

(HD) and hydrogen (Ho) appear. The mechanism
for hydrogen deuteride formation is:

H + D. - HD + D
OH + D. ^ HOD + D,

and the hydrogen now observed oiiginatcs from
the molecular hvdrogen formed with the vield.

^(H.o).

Water irradiated in the presence of air contains
oxygen and it exerts a powerful influence on chemi-

cal changes taking place, as we shall see below.

The powerful reducing hydrogen atom reacts with

high efficienc3^ with ox^^gen forming the relatively

inert hydroperoxy radical,

H + 0. -^ HO.-

Above it was shown that this radical forms hydro-

gen peroxide in a bimolecular reaction. However,

the hydrogen peroxide yield is not very high since

hydroxyl radicals formed bj' the radiation destroy

the hydrogen peroxide so formed. But adding hy-

drogen and oxygen to water raises the initial hy-

drogen peroxide yield. In this instance the hydroxyl

radical reacts with hydrogen to form a hydrogen

atom, which in turn reacts with oxygen to form
the hydroperoxy radical, the precursor of hydrogen

peroxide.

Inorganic Solutions. The hydroxyl radical oxi-

dizes inorganic cations or anions, whereas hydrogen
atoms reduce them, and if ecjual quantities of these

species were generated in irradiated water, it is

possible that no chemical change would take place.

In general, reactions with low chemical yields in-

dicate counterbalancing chemical reactions, with

a net chemical change due solely to the hydrogen
peroxide formed in yield ^(HoOo). The general

oxidation and ro(hiction i-eactions of cations are

represented b>-

.1/""" + OH -^ M(n+i)^ + OH-
w"^ + H ^ 3/("-')^ + H+

Some of tlie freo-radical icactions studied appear

in Table 3. In cases where the reaction kinetics

are simple, one may actually predict the product

Ta BLE 3. Free R VDTC.^L Re \CTIONS IN Aqueous Inorganic Solutions.

Hydrogen Atom* Hydroxyl Radical

H +
D +
H +
H -f

H +
H +
H +
H +
H +
H +
H +
H +
H +
H +
H -f

H +
H +
H +
H +
H +

Do ^ HD + D
Ho^ HD + H
Oo -^ HOo
paraH2 -^ orthoHo + H
H0O2 ^ H2O + OH
Fe(HoO)n++ ^ Fe3+(HoO)n-i + OH"
Ce4+ -^ Ce3+ + H+
Yqs+ ^ Fe++ + H+
Cu++ ^ Cu+ + H+
lo -^ H+ + I- + I

NOr -> NO + OH-
N2O -^ N2 + OH
CO 2 -^ COOH
TP+ -^ T1++ + H+
Hg++ ^ Hg+ + H+
Ag+ ^ Ag + H+
HSO4- ^ H0SO4-
MnOr -> MnOr- + H+
CrOr- -^ CrOs- + OH"
H3ASO3 -^ H2ASO2 + H2O

OH = O- + H"
OH + Do -^ HOD + D
O- + Oi^O^s -^ 018- -f Oi«Oi«

O^m + HO^eQieH -> Oi«H + H0i80i«H

OH + HoOo -^ HoO + HO2
+ H2 OH -f Fe++ -^ Fe3+ + OH-

OH + Ce3+ -> Ce'+ + OH-
OH + T1+ -^ T1++ + OH-
OH + I-, Br-, C1-, -^ I, Br, CI + OH"
OH + NO2- -^ OH- + NO2
OH + HSO4- -> OH- + HSO4
OH + NH3 -^ NH2 + H2O
OH + Mn04- ^ Mn04— + H+ + O
OH -I- Cr3+ -> Cr4+ + OH-
OH + H3ASO3 -^ H2AsO,3 + H2O

Hydroperoxy Radical

HOo + H2O2 -> HoO + Oo + OH
2HO2 ^ H2O2 + Oo
HOo + Fe++ -^ Fe3+ + HO2-
HOo + Fe3+ -^ Fe++ + H+ + O2
HOo + Ce4+ -. Ce3+ + H+ + O2
HO2 + Cu++ ^ Cu+ + H+ + O2
HOo + Mn04- -^ Mn04— + H+ + O;

* Because of the high reactivity of e~aq with H+, the hydrogen atom is the effective reducing species at low pH. But when the
concentration of the solute > (H+), then e~aq may react before it is converted into a hydrogen atom. For example, the reaction
Cu+"^ + e~aq —> Cu+ is the dominant one in weakly acid solutions. In this case and in many others, the products remain unchanged.
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yields from a knowledge of the free-radical reac-

tions, and the yields gr(H), gr(OH) g(H.O.), ^(H.).

As an example of the use of these reactions the

oxidation of aerated ferrous sulfate will be dis-

cussed. The mechanism for the oxidation of

aerated ferrous sulfate is

:

Fe"^ + H,0. ^ Fe''^ + OH + OH-

Fe"^ + OH -^ Fe^^ + OH'

H

Fe^

0. ^ HO.

HO,. -^ Fe=^ HO2-

HO.- + H^ ^ H.O.-

Note that each hydroxyl radical produces one ferric

ion, each hydrogen peroxide radical produces two,

and each hydrogen atom (or hydroperoxy radical)

produces three since the H0O2 formed in the last

two reactions is also effective. Therefore, we have

G(Fe^^)02 = 2g{m02) + 3g(H) + g(OH).

By substituting the values for giUzOo), g(H) and

^(OH), given in Table 2, for aerated 0.8 N sulfuric

acid, one derives G(Fe'^^) = 15.6 for the Fricke

dosimeter.

Of particular importance in this reaction is the

fact that both of the initially produced H and OH
radicals serve to oxidize ferrous sulfate. This con-

dition exists in all reactions carried out in the

presence of oxygen, where the HOo radical is an

oxidizing entity.

The reduction of eerie sulfate serves as an ex-

ample in which the hydroxyl radical oxidizes

cerous ion formed by the initial reduction of eerie

ion by H, HO2 and H2O2 . The reactions are

:

Ce*" + H -^ Ce'" + H"

Ce*" + HO2 -^ Ce^'" + H" + O2

Ce*+ + H2O2 ^ Ce^+ + H" + HO2

Ce''" + OH -^ Ce*" + OH".

In the above sequence of reactions, the hydrogen

atom, hydroperoxy radical, and hydrogen peroxide

reduce eerie ion and the cerous ion thereby formed

is oxidized back to eerie ion by the hydroxyl

radical. The yield for these reactions is expressed

as:

G(Ce^^) = 2g(H202) + g(H) - gr(OH).

Again b^^ inserting the values for g'(H202), giU),

and g(OH) into this equation one derives the yield

G(Ce"+) = 2.34.

Reactions of anions also occur. The general re-

actions are

:

^- + OH -^ ^ + OH-

WATER RADIOLYSIS

reduced by the hydrogen atom as is shown by the

above pair of reactions. We have already seen how

a surplus of H and OH radicals reacts with hy-

drogen and hydrogen peroxide to reform water.

Therefore, irradiation of dilute solutions of stable

anions like OH", SOr, PO/" and BO3- produces

no net change, and they serve as excellent buffers

for irradiations carried out at different pH's. On
the other hand the oxidizable or reducible anions,

some of which are given in Table 3, are very reac-

tive with these radicals.

Organic Solutions. Studies of the reaction

mechanism of H and OH initiated reactions with

organic molecules is an important section of radia-

tion chemistry. Considerable progress has been

made in understanding the initial reactions of these

radicals with hydrocarbons, alcohols, aldehydes

and carboxyhc acids. We have seen how the hydro-

gen atoms and hydroxyl radicals break the D—

D

bond. Since this iDond is stronger than the normal

C—H in organic compounds, it is to be expected

that these radicals will abstract hydrogen from

most organic compounds. Hydrogen and water are

the normal abstraction products. Representative

free-radical reactions with organic compounds are

given in Table 4. In all reactions in organic media,

new radicals are formed that are more stable than

the H and OH radicals. And in many cases the final

products are determined by the reactions of these

less reactive secondary radicals. Because these

radical-radical reactions have low activation ener-

gies the product is often a dimer of the principal

radical formed. The formation of succinic acid from

irradiated aqueous acetic acid is an example of such

a reaction

:

H + CH3COOH -^ H2 + CH2COOH

OH + CH3COOH -- H2O + CH2COOH

2CH2COOH -^ COOHCH2CH2COOH

Hydrogen peroxide formed in the yield, gfCHaOo),

may react with these secondary radicals, to reform

the hydroxyl radical. This is shown by the general

reaction where R- is any organic free radical:

H A- + W

R H2O2 -^ i?OH + OH.

where A~ is an ion and A is its oxidized form. In

many instances in dilute solution no chemical re-

action results because the oxidized form is again

Therefore, in many aciueous organic systems hy-

drogen peroxide is not a product of the air-free

irradiations. Oxygen, on the other hand, induces

profound changes in the radiolysis of these com-

pounds. We have already seen how oxygen effec-

tively removes the hydrogen atom by forming a

hydroperoxy radical. This radical may form hy-

drogen peroxide, or it may react further with

organic radicals. More important, however, is the

reaction of the organic radicals with oxygen to

form peroxy radicals. Some of the generahzed re-

lations between the radiolysis yields in aqueous

organic solutions and the primary radiation yields

appear in Table 5.

The manner in which organic compounds modify

inorganic reactions, such as the oxidation of ferrous
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Table 4. Free Radical Reactions with Organic Compounds in Water.

Hydrogen Atom* Hydroxyl Radical

H + CO -^ HCO
H + CO2 -^ COOH
H + CH4 -^ CH3 + Ho

H + C0H4 — C2H5

H + CeHe -> CeHy -> polymer

H + RCH2OH -^ RCHOH + H2

H + HCHO -> 6H0 + H2

H + HCOOH -^ HCOO or (COOH) + H2

H + CH3COOH -^ 6H2COOH + H2

H + NH2CH2COOH -> NH2toC00H + H;

H + NH2CH2COOH -^ CH2COOH + NH3
H + CHCI3 ^ CHCI2 + HCl
H + CeHsCl -- CeHo + HCl
H + RSH -^ RS + H2

OH + CO -^ COOH
OH + CH4 -> CH3 + H2O
OH + C2H4 ^ CH2CH2OH
OH + CeHe ^ C6H60H(addition)

OH + RCH2OH ^ R^HOH + H2O
OH + HCHO -^ CHO + H2O
OH + HCOOH -^ HCOO or (COOH) + HoO
OH + CH3COOH -^ CH2COOH + H2O
OH + NH2CH2COOH ^ NHoCHCOOH + H2O
OH + CHCI3 -> CCI3 + H2O
OH + CeHsCl -^ C6H4CI + HoO
OH + RSH -^ RS + HoO

Because of the high reactivity of Caa

the concentration of the solute > (H+), then eaq~ may react before it is converted into a hydrogen atom. For example, the reac

tion. Cu++ + cac
unchanged.

Cu-*

with H+, the hydrogen atom is the eflfective reducing species at low pH. But when
y react before it is converted into a

the dominant one in weakly acid solutions. In this case and in many others, the products remain

sulfate, is given in the following sequence of equa-

tions :

RB. OH ^ R H.O

R

Fe' R02-

0.0 -^ i^O.o-

RO2

RO2- W ^ i^0.oH

Fe^ RO.K -^ RO- Fe'^ + OH

The last reaction of this group reforms a hj'droxyl

radical capable of starting the initial reaction over

again. This reaction is an important example of

chain reactions in radiation chemistry. In this

way it is possible to obtain very high ferric ion

yields in organic solutions.

Reactions leading to dimerization of organic

free radicals, as in the formation of succinic acid,

and to chain oxidation of simple inorganic ions,

are among the more completely studied reactions

in organic radiation chemistry. The reactions in

Table 4 serve as a guide in the differentiation in

behavior of the primary H and OH reactions with

organic molecules. The subsequent reactions of the

organic radicals initially formed, except in a few

cases, are entirely unknown. A few examples of

some of the better-studied reactions will serve to

illustrate the complexities derived from the sec-

ondary reactions. In the general case, both oxida-

tion and reduction of the dissolved organic mole-

cule is possible, and upon prolonged irradiations

carbon dioxide and hydrogen are the ultimate

oxidation products of all carbon-containing com-
pounds.
Because of the relative simpHcity of the single

carbon compounds substantial progress has been

made in understanding their reactions. Dissolved

carbon monoxide is in part oxidized to carbon diox-

ide, and in part reduced to formaldehyde. The
initial reactions shown in Table 4 lead to the radi-

cals, HCO and COOH. These formyl and carboxy

Table 5. Radiation Yields in Dilute
Aqueous Organic Solution.

Oxygen-free Solutions

^(Ho) = g(T{-:) (Dehydrogenation of solute does
not occur).

G^(Ho) > f7(Ho) (Some dehydrogenation of solute

does occur).

G(H2) = ^(Ho) + f/(H) (Each H removes one H
from solute).

GiHo) < giUo) + ^(H) (H atoms add to solute).

G'(H20o) = ^(Ho02) (Intermediate free radicals

do not react with H2O0).
G'(HoOo) < ^(H202) (Some intermediate free

radicals react with HoOo).

Solutions with Oxygen

G(H2) = ^(H2) (Each H reacts with O2).

G(Ho) > g'(Ho) (Some H abstracts H from solute).

GiH^Oo) = HgiYi) + ^(Ho02) (HO2 radicals do
not react with solute).

G(Ho02) = .^^[^(H) -f g{OH)] + ^(H202) (HO2
radicals originate bv reactions like:

COOH + 02 — CO2 + HOo)
G(H202) » g(ii) + ^(OH) (Ox3'gen initiated chain

reaction).

G{-02) = M^(H) (H reacts with O2 ; HO2 onlv
with HO2).

G^(-02) = }i[g(H) + ^(OH)] (O2 reacts with H
and with organic radicals formed from OH:
peroxy radicals then liberate O2).

radicals give the final products, carbon dioxide and
formaldehyde, by reactions of the type,

HCO + H -. HCHO

COOH + OH -> CO2 + H2O.

Formic acid and oxaHc acid result from the
reduction of carbon dioxide by hydrogen atoms.
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Since carbon dioxide is a final product resulting

from the ultimate oxidation of organic compounds,

it is necessary to protect the new reaction prod-

ucts from reoxidation to carbon dioxide. In a fer-

rous-ion-reducing environment, formic acid, oxalic

acid, formaldehyde and methanol are produced in

low yields from dissolved carbon dioxide. The
oxalic acid and formic acid result from the reac-

tions,

COOH + COOH -^ HCOOH + CO2

COOH + COOH -^ (COOH) 2.

Oxalic acid also forms in electron-irradiated solu-

tions of ammonium carbonate, sodium carbonate

and calcium bicarbonate solutions. Relatively less

is known about the reactions of saturated hydro-

carbons in irradiated water, but hydrogen and a

water-soluble product, probably methanol, are

formed. Methanol in turn is oxidized to formalde-

hyde and to ethylene glycol by reactions typical

of many alcohols. The general reactions leading to

these compounds are

:

CH3OH + H ^ CH2OH + H2

2CH2OH -^ CH2OHCH2OH

2CH2OH -^ HCHO + CH3OH

Formaldehyde is oxidized to formic acid, and at

high concentrations to methanol by the reactions

H -f- HCHO -^ H2 + CHO

OH -h CHO -^ HCOOH,

and when some of the hydrogen atoms add to the

oxj'gen in formaldehyde, they produce methanol,

H + HCHO -> CH2OH

CH2OH + HCHO -^ CH3OH + CHO.

Reactions similar to those of formaldehyde take

place for the higher homologs of this series.

Formic and acetic acids, because of their rela-

tively simple behavior, have been most thoroughly
studied. In dilute acid solutions the formic acid

reactions are

:

H + HCOOH -> H2 + COOH

OH + HCOOH -^ H2O + COOH

COOH + COOH -> HCOOH + CO2 .

These simple reactions occur at formic acid con-
centrations of 0.01 M or less. An idea of the
complexity of the reactions taking place in 0.25 M
formic acid solutions may be gained from the
following complex group of observed products:
glyoxylic acid, mesoxalic acid, oxahc acid, tartronic
acid, glycollic acid, tartaric acid, formaldehyde and
glyoxal.

Ammonia, hydrogen, and the corresponding
oxygen-acid, result from the radiolysis of simple
amino acids. Deamination is a dominating process,

and shows that complete groups are abstracted

from organic molecules. The over-all reaction for

this process is, in the case of glycine

:

CH2(NH2)COOH + mo -^

HCOCOOH + H2 + NH3

.

Methylamine, formic acid and formaldehyde are

formed from the methylene carbon atom, whereas

carbon dioxide is formed from the carboxyl carbon

atom at high concentrations of glycine. These

amino acids possess a complexity of reaction simi-

lar to that of formic acid.

In the aromatic series of compounds, hydrogen

atom and hydroxyl radical additions to the nucleus

are prominent primary processes. But unlike re-

actions in the aliphatic series, hydrogen is not

formed except in yield gim). Phenol, diphenyl

and a polymer are the ultimate products of ben-

zene irradiations. Oxygen and oxidized ions pre-

vent diphenyl formation, producing phenol and an

aldehyde. Thus the general characteristics of the

oxidation of organic compounds are similar to

those of the simple aliphatic compounds. An ad-

ditional complexity is introduced by the carbon

atoms in the benzene nucleus. Abstraction and
dimerization reactions are prominent in the sub-

stituted aromatic compounds, such as toluene,

benzaldehyde, benzoic acids, chlorobenzene and
aniline. In the sulfur compounds, mercaptans are

oxidized to the disulfides and an initial process in

the disulfides is the reduction to mercaptans. Com-
plex molecules of this type containing particularly

reactive groups appear to be an exception to the

general principle that organic radiation-induced

reactions are complex. In the case of the mer-
captans the sulfhydryl group is readily attacked

by the H and OH radicals. However, the primary
attack may not be on this group, but occurs through
a radical transfer reaction such as

C00HCH(NH2)CHSH + COOHCH(NH2)CH2SH

^ COOHCH(NH2)CH2SH

+ C00HCH(NHo)CH2S-.

In the truly complex molecules such as carbo-

hydrates, steroids, proteins and nucleic acids, com-
paratively little is known about their reactions.

Reactive groups, such as the amine, carboxyl, hy-

droxyl and aldehyde, are doubtless primary points

of attack, since ammonia, acids, carbon dioxide

and hydrogen are among the simpler produces
formed during irradiation. Studies of complex
molecules such as these reveal that there are cer-

tain reactive sites within the molecule that are

particularly sensitive to attack bj" the hj^drogen

and hj'-droxyl radicals. However, even in these

cases it is possible that the primary attack occurs

elsewhere, and the radical transferred to this re-

active group. It is possible that reactions of this

type plaj^ an important role in the radiolysis of

complex molecules forming free-radical species of

lower reactivity-. This maj' be a very general prin-

ciple, simplifj^ing the radiation chemistry of com-
plex organic molecules.
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At. K Edge Li Edge L.I Edge Lnr Edge
No. Element X(A) kev A(A) kev X(A) kev X(A) kev

52 Te 0.390 31.800 2.511 4.937 2.687 4.611 2.855 4.340

53 1 0.374 33.155 2.389 5.188 2.553 4.855 2.719 4.557

54 Xe 0.359 34.570 2.274 5.451 2.429 5.102 2.592 4.780

55 Cs 0.345 35.949 2.167 5.719 2.314 5.356 2.474 5.010

56 Ba 0.331 37.399 2.068 5.994 2.204 5.622 2.363 5.245

57 La 0.318 38.920 1.973 6.282 2.103 5.893 2.258 5.488

58 Ce 0.307 40.438 1.889 6.559 2.011 6.163 2.164 5.727

59 Pr 0.295 41.986 1.811 6.844 1.924 6.441 2.077 5.967

60 Nd 0.285 43.559 1.735 7.142 1.843 6.725 1.995 6.213

61 Pm 0.274 45.207 1.665 7.448 1.767 7.018 1.918 6.466

62 Sm 0.265 46.833 1.599 7.752 1.703 7.279 1.845 6.719

63 Eu 0.256 48.501 1.536 8.066 1.626 7.621 1.775 6.981

64 Gd 0.247 50.215 1.477 8.391 1.561 7.938 1.710 7.250

65 Tb 0.238 51.984 1.421 8.722 1.501 8.256 1.649 7.517

66 Dy 0.231 53.773 1.365 9.081 1.438 8.619 1.579 7.848

67 Ho 0.223 55.599 1.317 9.408 1.390 8.918 1.535 8.072

68 Er 0.216 57.465 1.268 9.773 1.338 9.260 1.482 8.361

69 Tm 0.209 59.319 1.222 10.141 1.288 9.626 1.433 8.650

70 Yb 0.202 61.282 1.182 10.487 1.243 9.972 1.386 8.941

71 Lu 0.196 63.281 1.140 10.870 1.199 10.341 1.341 9.239

72 Hf 0.190 65.292 1.100 11.271 1.155 10.732 1.297 9.554

73 Ta 0.184 67.379 1.061 11.681 1.114 11.128 1.255 9.874

74 W 0.178 69.479 1.025 12.097 1.075 11.533 1.216 10.196

75 Re 0.173 71.590 0.990 12.524 1.037 11.953 1.177 10.529

76 Os 0.168 73.856 0.956 12.968 1.001 12.380 1.140 10.867

77 Ir 0.163 76.096 0.923 13.427 0.967 12.817 1.106 11.209

78 Pt 0.158 78.352 0.893 13.875 0.934 13.266 1.072 11.556

79 Au 0.153 80.768 0.863 14.354 0.903 13.731 1.040 11.917

80 Hg 0.149 83.046 0.835 14.837 0.872 14.210 1.008 12.3

81 Tl 0.145 85.646 0.808 15.338 0.843 14.695 0.979 12.655

82 Pb 0.141 88.037 0.782 15.858 0.815 15.205 0.950 13.041

83 Bi 0.137 90.420 0.757 16.376 0.789 15.713 0.923 13.422

84 Po 0.133 93.112 0.732 16.935 0.763 16.244 0.897 13.817

85 As 0.130 95.740 0.709 17.490 0.739 16.784 0.872 14.215

86 Rn 0.126 98.418 0.687 18.058 0.715 17.337 0.848 14.618

87 Fr 0.123 101.147 0.665 18.638 0.693 17.904 0.825 15.028

88 Ra 0.645 19.229 0.671 18.478 0.803 15.439

89 Ac 0.116 106.759 0.625 19.842 0.650 19.078 0.782 15.865

90 Th 0.113 109.741 0.606 20.458 0.630 19.677 0.761 16.293

91 Pa 0.110 112.581 0.588 21.102 0.611 20.311 0.741 16.731

92 U 0.108 115.610 0.569 21.764 0.592 20.938 0.722 17.160

93 Np 0.105 118.619 0.553 22.417 0.574 21.596 0.704 17.614

94 Pu 0.102 121.720 0.537 23.097 0.557 22.262 0.686 18.066

95 Am 0.099 124.816 0.521 23.793 0.540 22.944 0.669 18.525

96 Cu 0.097 128.088 0.506 24.503 0.525 23.640 0.653 18.990

97 Bk 0.094 131.357 0.491 25.230 0.509 24.352 0.637 19.461

98 Cf 0.092 134.683 0.477 25.971 0.494 25.080 0.622 19.938

99 Es 0.090 138.067 0.464 26.729 0.480 25.824 0.607 20.422

100 Fm 0.088 141.510 0.451 27.503 0.466 26.584 0.593 20.912

101 Md

102 No
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K SERIES DIAGRAM LINES

Line "1,2 ai ao (ir
1 /?3 /?. y3. ;&3 (Ou, „,) (L.)

Approximate
Intenjify

150 100 50 15 5 < 1 < 1 < 1 < 1

Li 3 230.

Be 4 113.

B 5 67.

C 6 44.

N 7 31.603

8 23.707

F 9 18.307

Ne 10 14.615 14.460

Na 11 11.909 11.574 11.726

Mg 12 9.889 9.559 9.667

Al 13 8.339 8.338 8.341 7.960 8.059

Si 14 7.126 7.125 7.127 6.778

P 15 6.155 6.154 6.157 5.804

S 16 5.373 5.372 5.375 5.032

Ci 17 4.729 4.728 4.731 4.403

A 18 4.192 4.191 4.194 3.886

K 19 3.744 3.742 3.745 3.454 3.442

Ca 20 3.360 3.359 3.362 3.089 3.074

Sc 21 3.032 3.031 3.034 2.780 2.764

Ti 22 2.750 2.749 2.753 2.514 2.498

V 23 2.505 2.503 2.507 2.285 2.270

Cr 24 2.291 2.290 2.294 2.085 2.071

Mn 25 2.103 2.102 2.105 1.910 1.897

Fe 26 1.937 1.936 1.940 1.757 1.745

Co 27 1.791 1.789 1.793 1.621 1.609

Ni 28 1.659 1.658 1.661 1.500 1.489 1.489

Cu 29 1.542 1.540 1.544 1.392 1.393 1.381 1.382

Zn 30 1.437 1.435 1.439 1.296 1.284 1.285

Ga 31 1.341 1.340 1.344 1.207 1.208 1.196 1.197

Ge 32 1.256 1.255 1.258 1.129 1.129 1.117 1.119

As 33 1.177 1.175 1.179 1.057 1.058 1.045 1.049

Se 34 1.106 1.105 1.109 0.992 0.993 0.980 0.984

Br 35 1.041 1.040 1.044 0.933 0.933 0.921 0.926

Kr 36 0.981 0.980 0.984 0.879 0.879 0.866 0.866 0.871

Rb 37 0.927 0.926 0.930 0.829 0.830 0.817 0.815 0.822

Sr 38 0.877 0.875 0.880 0.783 0.784 0.771 0.770 0.776

Y 39 0.831 0.829 0.833 0.740 0.741 0.728 0.727 0.735

Zr 40 0.788 0.786 0.791 0.701 0.702 0.690 0.689 0.696

Cb 41 0.748 0.747 0.751 0.665 0.666 0,654 0.653

Mo 42 0.710 0.709 0.713 0.632 0.633 0.621 0.620 0.627

Tc 43 0.676 0.675 0.679 0.601 0.590

Ru 44 0.644 0.643 0.647 0.572 0.573 0.562 0.561 0.568

Rh 45 0.614 0.613 0.617 0.546 0.546 0.535 0.534 0.541

Pd 46 0.587 0.585 0.590 0.521 0.521 0.510 0.517

Ag 47 0.561 0.559 0.564 0.497 0.498 0.487 0.486 0.493
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Line a,,, ai a. /?! 1 ^3 i32 y34 ^3 (0..,.n) (b)

Approximate
Intensity

150 100 50 15 5 < 1 < 1 < 1 < 1

Cd 48 0.536 0.535 0.539 0.475 0.476 0.465

In 49 0.514 0.512 0.517 0.455 0.455 0.445 0.444 0.451 0.444

Sn 50 0.492 0.491 0.495 0.435 0.436 0.426 0.425 0.432 0.425

Sb 51 0.472 0.470 0.475 0.417 0.418 0.408 0.407 0.414 0.407

Te 52 0.453 0.451 0.456 0.400 0.401 0.391 0.390

1 53 0.435 0.433 0.438 0.384 0.385 0.376

X 54 0.418 0.416 0.421 0.369 0.360

Cs 55 0.402 0.401 0.405 0.355 0.355 0.346

Ba 56 0.387 0.385 0.390 0.341 0.342 0.333 0.338 0.331

La 57 0.373 0.371 0.376 0.328 0.329 0.320 0.319 0.326 0.319

Ce 58 0.359 0.357 0.362 0.316 0.317 0.309 0.307 0.313 0.307

Pr 59 0.346 0.344 0.349 0.305 0.305 0.297

Nd 60 0.334 0.332 0.337 0.294 0.294 0.287

Pm 61 0.322 0.321 0.325 0.283

Sm 62 0.311 0.309 0.314 0.274 0.274 0.267

Eu 63 0.301 0.299 0.304 0.264 0.265 0.258

Gd 64 0.291 0.289 0.294 0.255 0.256 0.249

Tb 65 0.281 0.279 0.284 0.246 0.246 0.239

Dy 66 0.272 0.270 0.275 0.237 0.238 0.231

Ho 67 0.263 0.261 0.266

Er 68 0.255 0.253 0.258 0.222 0.223 0.217

Tu 69 0.246 0.244 0.250 0.215 0.216

Yb 70 0.238 0.236 0.241 0.208 0.209 0.203

Lu 71 0.231 0.229 0.234 0.202 0.203 0.197

Hf 72 0.224 0.222 0.227 0.195 0.196 0.190

Ta 73 0.217 0.215 0.220 0.190 0.191 0.185 0.184 0.189 0.184

W 74 0.211 0.209 0.213 0.184 0.185 0.179 0.179 0.183 0.178 0.216

Re 75 0.204 0.202 0.207 0.179 0.179 0.174 0.174 0.178 0.173

Os 76 0.198 0.196 0.201 0.173 0.174 0.169 0.168 0.173 0.168

Ir 77 0.193 0.191 0.196 0.168 0.169 0.164 0.163 0.167 0.163 .

Pt 78 0.187 0.158 0.190 0.163 0.164 0.159 0.159 0.162 0.158

Au 79 0.182 0.180 0.185 0.159 0.160 0.155 0.154 0.158 0.153 0.187

Hg 80 0.177 0.175 0.180 0.154 0.155 0.150 0.150 0.153 0.149

Tl 81 0.172 0.170 0.175 0.150 0.151 0.146 0.146 0.149 0.145

Pb 82 0.167 0.165 0.170 0.146 0.147 0.147 0.141 0.145 0.141

Bi 83 0.162 0.161 0.165 0.142 0.143 0.138 0.138 0.141 0.137

Po 84 0.158 0.156 0.161 0.138 0.133

As 85

Rn 86

Fr 87

Ra 88

Ac 89

Th 90 0.135 0.133 0.138 0.117 0.118 0.114 0.114 0.116 0.113

Pa 91

U 92 0.128 0.126 0.131 0.111 0.112 0.108 0.108 0.111 0.107
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L SERIES DIAGRAM LINES

Line a. a2 ^. ^2 n. 13. y85 ;36 ^7 ^9 Ao ;8.=

Approximate
Intensity

100 10 50 20 6 4 1 < 1 < 1 < 1 < 1 < 1

Ba 56 2.776 2.785 2.567 2.404 2.516 2.555 2.482 2.382 2.376 2.387

La 57 2.665 2.674 2.458 2.303 2.410 2.449 2.379 2.275 2.282 2.290

Ce 58 2.561 2.570 2.356 2.208 2.311 2.349 2.282 2.180 2.188 2.195

Pr 59 2.463 2.473 2.259 2.119 2.216 2.255 2.190 2.091 2.100 2.107

: Nd 60 2.370 2.382 2.166 2.035 2.126 2.166 2.103 2.009 2.016 2.023

Pm 61 2.283 2.081

Sm 62 2.199 2.210 1.998 1.882 1.962 2.000 1.779 1.946 1.856 1.862 1.870

Eu 63 2.120 2.131 1.920 1.812 1.887 1.926 1.875 1.788 1.792 1.800

Gd 64 2.046 2.057 1.847 1.746 1.815 1.853 1.807 1.723 1.731

Tb 65 1.976 1.986 1.777 1.682 1.747 1.785 1.577 1.742 1.659 1.667

Dy 66 1.909 1.920 1.710 1.623 1.681 1.720 1.681 1.599

Ho 67 1.845 1.856 1.647 1.567 1.619 1.658 1.622

Er 68 1.785 1.796 1.587 1.514 1.561 1.601 1.567 1.494 1.485 1.494

Tu 69 1.726 1.738 1.530 1.463 1.505 1.544 1.515

Yb 70 1.672 1.682 1.476 1.416 1.452 1.491 1.387 1.466 1.395 1.384 1.392

Lu 71 1.619 1.630 1.424 1.370 1.402 1.441 1.342 1.419 1.350 1.336 1.343 1.372

Hf 72 1.569 1.580 1.374 1.327 1.353 1.392 1.298 1.374 1.306 1.291 1.299 •1.328

Ta 73 1.522 1.533 1.327 1.285 1.307 1.346 1.256 1.331 1.264 1.247 1.254 1.287

W 74 1.476 1.487 1.282 1.245 1.263 1.302 1.215 1.290 1.224 1.204 1.212 1.247

Re 75 1.433 1.444 1.238 1.206 1.220 1.260 1.177 1.252 1.186 1.165 1.172 1.208

Os 76 1.391 1.402 1.197 1.169 1.179 1.218 1.140 1.213 1.149 1.126 1.133 1.171

Ir 77 1.352 1.363 1.158 1.135 1.141 1.179 1.106 1.179 1.115 1.090 1.097 1.137

Pt 78 1.313 1.325 1.120 1.102 1.104 1.142 1.072 1.143 1.082 1.054 1.062

Au 79 1.277 1.288 1.083 1.070 1.068 1.106 1.040 1.111 1.050 1.021 1.028 1.072

Hg 80 1.242 1.253 1.049 1.040 1.034 1.072 1.010 1.080 1.019 .986 .996 1.041

Tl 81 1.207 1.218 1.015 1.010 1.001 1.039 .981 1.050 .990 .957 .964 1.012

Pb 82 1.175 1.186 .982 .983 .969 1.007 .953 1.021 .962 .927 .934 .984

Bi 83 1.144 1.155 .952 .955 .939 .977 .926 .993 .935 .898 .905 .957

Po 84 1.114 1.126 .921 .929 .908 .948 .900 .967 .931

I

At 85

Rn 86

Fr 87 1.030 .840 .858

Ra 88 1.005 1.017 .814 .836 .803 .841 .807 .871 .817 .769 .776 .838

Ac 89

Th 90 .956 .968 .766 .794 .755 .793 .765 .828 .775 .723 .730

Pa 91 .933 .945 .742 .774 .732 .770 .746 .803 .755 .701 .708

U 92 .911 .923 .720 .755 .710 .748 .726 .789 .736 .681 .687

Np 93 .890 .901 .698 .735

Pu 94 .868 .880 .678 .719 .669 .707 .691

Am 95 .849 .860 .658 .701
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y3,r, ^.7 n 72 73 74 7= 7« 7« 1 V s Line

< 1 < 1 10 1 2 < 1 < 1 < 1 < 1 3 1 < 1

\pproximate

Infeniity

410 Na 11

260 Mg 12

180 Al 13

Si 14

P 15

S lb

67.84 67.25 CI 17

56.212 56.813 A 18

47.835 47.325 K 19

41.042 40.542 Ca 20

35.671 35.200 Sc 21

31.423 30.942 Ti 22

27.826 27.375 V 23

24.840 24.339 Cr 24

22.315 21.864 Mn 25

20.201 19.73 Fe 26

18.358 17.86 Co 27

16.693 16.304 Ni 28

15.297 14.940 Cu 29

14.081 13.719 Zn 30

12.976 12.620 Ga 31

11.944 11.608 Ge 32

11.069 10.732 As 33

10.293 9.959 Se 34

9.583 9.253 Br 35

Kr 36

6.045 6.754 8.363 8.042 Rb 37

5.644 6.297 7.836 7.517 Sr 38

5.283 5.875 7.356 7.040 Y 39

5.384 4.953 5.497 6.918 6.606 Zr 40

5.036 4.654 5.151 6.517 6.210 Cb 41

4.726 4.380 4.837 6.150 5.847 Mo 42

1
Tc 43

4.182 3.897 4.288 5.503 5.204 Ru 44

3.944 3.685 4.045 5.217 4.922 Rh 45

3.725 3.489 3.822 4.952 4.660 Pd 46

3.523 3.307 3.616 4.707 4.418 Ag 47

3.336 3.137 3.426 4.480 4.193 Cd 48

3.162 2.980 2.926 3.249 4.269 3.983 In 49

3.001 2.835 2.778 3.085 4.071 3.789 Sn 50

2.852 2.695 2.639 2.932 3.888 3.607 Sb 51

2.712 2.567 2.511 2.790 3.716 3.438 Te 52

2.582 2.447 2.391 2.657 3.557 3:280 1 53

X 54

2.348 2.237 2.233 2.174 2.417 3.267 2.994 Cs 55
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L SERIES DIAGRAM LINES

Line a a-i 0-2 ^1 ^. y83 a. ^5 /36 ^7 ^0 Uro

Approximate
Intensity

no TOO 10 50 20 6 4 1 < 1 < 1 < 1 < 1

Na 11

Mg 12

Al 13

Si 14

P 15

S 16

CI 17

A 18

K 19

Ca 20 36.393 36.022

Sc 21 31.393 31.072

Ti 22 27.445 27.074

V 23 24.309 23.898

Cr 24 21.713 21.323 19.429

Mn 25 19.489 19.158 17.575

Fe 26 17.602 17.290 15.742

Co 27 16.000 15.698 14.269

Ni 28 14.595 14.308 13.167

Cu 29 13.357 13.079 12.115

Zn 30 12.282 12.009 11.225

Ga 31 11.313 11.045

Ge 32 10.456 10.194

As 33 9.671 9.414 8.930

Se 34 8.990 8.735

Br 35 8.375 8.126

Kr 36

Rb 37 7.318 7.325 7.075 6.788 6.821 6.984

Sr 38 6.863 6.870 6.623 6.367 6.403 6.519

Y 39 6.449 6.456 6.211 5.983 6.018 6.094

Zr 40 6.070 6.077 5.836 5.586 5.632 5.668 5.710

Cb 41 5.725 5.732 5.492 5.238 5.310 5.346 5.361

Mo 42 5.406 5.414 5.176 4.923 5.013 5.048 5.048

Tc 43

Ru 44 4.846 4.854 4.620 4.372 4.487 4.523 4.487

Rh 45 4.597 4.605 4.374 4.130 4.253 4.289 4.242

Pd 46 4.368 4.376 4.146 3.909 4.034 4.071 4.016 3.792 3.799

Ag 47 4.154 4.162 3.935 3.703 3.834 3.870 3.808 3.605 3.611

Cd 48 3.956 3.965 3.739 3.514 3.6U 3.681 3.614 3.430 3.437

In 49 3.752 3.781 3.555 3.339 3.470 3.507 3.436 3.268 3.274

Sn 50 3.600 3.609 3.385 3.175 3.306 3.344 3.270 3.155 3.115 3.121

Sb 51 3.439 3.448 3.226 3.023 3.152 3.190 3.115 3.005 2.973 2.979

Te 52 3.290 3.299 3.077 2.882 3.009 3.046 2.971 2.863 2.839 2.847

1 53 3.148 3.157 2.937 2.751 2.874 2.912 2.837 2.730 2.713 2.720

X 54

Cs 55 2.892 2.902 2.683 2.511 2.628 2.666 2.593 2.485 2.478 2.492

NOTE: These Spectra Tables are incomplete. Additional very weak L lines for the heavier

elements (Z > 69) may be found in Ref. 2, p. 190.
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)8l7 yi 72 73 74 75 76 78 1 V s t Line

< 1 10 1 2 < 1 <1 < 1 < 1 3 1 < 1 < 1

Approximat*
Intansity

2.242 2.138 2.134 2.075 2.309 2.222 3.135 2.862 Ba 56

2.141 2.046 2.041 1.983 2.205 3.006 2.740 La 57

2.048 1.960 1.955 1.899 2.110 2.023 2.892 2.620 Ce 58

1.961 1.879 1.874 1.819 2.020 1.936 2.784 2.512 Pr 59

1.878 1.801 1.797 1.745 1.935 1.855 2.675 2.409 Nd 60

Pm 61

1.726 1.659 1.655 1.606 2.482 2.218 Sm 62

1.657 1.597 1.591 1.544 1.708 1.632 2.395 Eu 63

1.592 1.534 1.529 1.485 2.312 2.049 Gd 64

1.530 1.477 1.471 1.427 2.234 Tb 65

1.473 1.423 1.417 1.374 1.518 2.158 1.898 Dy 66

1.417 1.371 1.364 1.323 1.462 2.086 1.826 Ho 67

1.364 1.321 1.315 1.276 1.406 2.019 1.757 Er 68

1.316 1.274 1.268 1.355 1.955 1.695 Tu 69

1.268 1.228 1.222 1.185 1.307 1.243 1.250 1.894 1.635 1.831 Yb 70

1.222 1.185 1.179 1.143 1.260 1.198 1.204 1.836 1.478 1.776 Lu 71

1.437 1.179 1.144 1.138 1.103 1.215 1.155 1.161 1.782 1.523 1.663 1.723 Hf 72

1.138 1.105 1.099 1.065 1.173 1.114 1.120 1.728 1.471 1.612 1.672 Ta 73

1.339 1.098 1.068 1.062 1.028 1.132 1.074 1.081 1.678 1.421 W 74

1.293 1.061 1.032 1.026 .993 1.094 1.037 1.044 1.630 1.374 Re 75

1.025 .998 .992 .959 1.057 1.001 1.008 1.585 1.328 Os 76

.991 .966 .959 .928 1.022 .967 .974 1.541 1.285 Ir 77

1.166 .958 .934 .928 .897 .988 .934 .941 1.499 1.243 Pt 78

1.128 .927 .905 .898 .867 .956 .903 .910 1.460 1.202 1.352 1.414 Au 79

1.090 .897 .876 .869 .839 .925 .873 .880 1.422 1.164 Hg 80

1.056 .868 .848 .842 .812 .895 .845 .852 1.385 1.127 1.279 1.342 Tl 81

1.022 .840 .822 .815 .867 .817 .824 1.350 1.092 1.244 1.308 Pb 82

.989 .814 .796 .790 .761 .840 .791 .799 1.317 1.058 1.210 Bi 83

.786 .771 .764 .765 1.283 Po 84

At 85

Rn 86

.716 Fr 87

.844 .694 .682 .675 .649 .717 .673 .680 1.167 .908 Ra 88

Ac 89

.653 .642 .635 .611 .675 .632 .640 1.115 .855 1.011 1.080 Th 90

.634 .624 .617 .594 .655 .613 1.091 .830 Pa 91

.615 .605 .598 .577 .635 .595 .601 1.067 .806 .964 1.035 U 92

.597 Np 93

.579 Pu 94

.562 Am 95
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M and N SERIES

Series M M M M M Series

Line o-i 0-2 /? y 1 ^ Line

K 19 680. Tb 65

Dy 66

Cu 29 170. Ho 67

Er 68

Ru 44 26.85 Tu 69

Rh 45 25.00 Yb 70

Pd 46 Lu 71

A2 47 21.80 Hf 72

Cd 48 20.46 Ta 73

In 49 W 74

Sn 50 17.94 Re 75

Sb 51 16.92 Os 76

Te 52 15.93 Ir 77

Pt 78

Ba 56 12.700 Au 79

La 57 14.88 14.51 12.064 Hg 80

Ce 58 14.06 13.78 11.534 18.38 Tl 81

Pr 59
1

10.997 Pb 82

Nd 60 12.675 band 10.504 Bi 83

Pm 61
1

Sm 62 band band 9.599 Th 90

Eu 63 band 10.744 9.211 14.22 Pa 91

Gd 64 band 10.253 8.844 J3.57 U 92

NOTE: Additional weak M lines will be found in Ref. 2 p. 195.
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M M M M M Minimum
M

Excitation Potential

N N

ai Oi; 13 y 1 yi y3

band 9.792 8.485 12.98

band 9.364 8.144 12.43

band 8.965 7.865 11.86

band 8.593 7.545 11.37

8.460 8.246

8.139
1

8.155 7.909 7.023 10.48

7.840 7.600 6.761 10.07

7.539 7.546 7.304 6.543 9.69

7.251 7.258 7.022 6.312 9.32 1.76

6.983 6.990 6.756 6.088 8.96 1.84

6.528 6.504 5.887 8.63 1.91

6.490 6.267 5.681 1.99

6.261 6.275 6.037 5.501 8.02 2.07

6.046 6.057 5.828 5.320 7.74 2.15

5.840 5.854 5.623 5.145 7.47 2.24

5.666 5.452 2.32

5.461 5.472 5.250 4.825 6.97 2.41

5.285 5.299 5.075 4.674 6.74 2.50

5.118 5.129 4.909 4.531 6.52 2.60 13.36

4.138 4.151 3.942 3.679 5.24 3.32 9.44 9.40

4.022 4.035 3.827 3.577 5.08

3.910 3.924 3.715 3.480 4.95 3.54 1 8.81 8.76
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K SATELLITES

a" a' a-i a 3 a"3 a-i a'4 as ae 0-7 ySo /3'

Na 11 11.860 11.830 11.810 11.742 11.711

Mg 12 9.845 9.820 9.804 9.749 9.724

Al 13 8.302 8.283 8.267 8.226 8.206

Si 14 7.100 7.095 7.082 7.073 7.069 7.035 7.017 7.026 6.816

P 15 6.140 6.131 6.117 6.109 6.075 6.063 5.838

S 16 5.370 5.354 5.341 5.339 5.344 5.334

CI 17 4.725 4.415

A 18

K 19 3.739 3.728 3.721 3.718 3.724 3.717 3.496

Ca 20 3.356 -3.347 3.340 3.338 3.343 3.337 3.133 3.101

Sc 21 3.029 3.021 3.015 3.013 3.018 3.013 2.819 2.789

Ti 22 2.747 2.740 2.733 2.731 2.737 2.731 2.551 2.522

V 23 2.502 2.496 2.491 2.489 2.493 2.490 2.320 2.291

Cr 24 2.282 2.279 2.277 2.280 2.278 2.118 2.090

Mn 25 2.095 2.093 2.091 2.094 2.091 1.914

Fe 26 1.930 1.928 1.926 1.929 1.927 1.783 1.760

Co 27 1.784 1.782 1.780 1.783 1.781 1.645 1.623

Ni 28 1.653 1.651 1.650 1.652 1.650 1.522 1.502

Cu 29 1.536 1.535 1.533 1.534 1.394

Zn 30 1.431 1.430 1.428 1.429 1.296

Ga 31 1.338 1.335 1.334 1.335 1.209

Ge 32 1.250 1.250 1.248 1.249

As 33 1.173 1.172 1.170 1.171 1.061

Se 34 1.101 1.100 1.101 .9958

Br 35 1.036 1.035 1.036 .9367

Kr 36
1

.8832

Rb 37
1

.8835

Sr 38 .8727 .8646 .8721
:

.7881

Y 39 .7457

Zr 40 .7836 .7828 .7832 .7066

Nb 41 .7432 .7436 .6706

Mo 42 .7065 .7070 .6369

Tc 43

Ru 44 .5766

Rh 45 .5493

Pd 46 .5833 .5837

Ag 47 .5007

Conversion Equations:

X units to Angstroms

Xg (in angstroms) = Xs (in x units)

X 1.00206 X 10-

Angstroms to kiloelectronvolts

E(in kev) = 12.4 ^ Xg (in angstroms)
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ySlx ^.
^v ^" |8ii..i /?'" ^IV

P. y^e P. P. A P^o

6.753

5.800 5.792 5.712 5.691

5.028 5.023

4.400 4.395

3.882

3.449 3.441 3.412 3.404

3.087 3.082 3.054 3.048

2.772 2.749 2.744

2.506 2.489

2.277 2.262

2.078 2.066

1.895

1.749 1.742

1.614 1.607

1.494 1.487

1.391 1.380 (1.400, 1.398, 1.397, 1.395 not identified)

1.295 1.282

1.207

1.128 1.116

1.042 1.044 1.064 1.050 1.054 1.047

.9770 .9786 .9996 .9854 .9889

.9177 .9194 .9403 .9269 .9297 .9228

.8745

.8135 .8155 .8365 .8234 .8259 .8193

.7681 .7699 .7911 .7778 .7802 .7736

.7261 .7218 .7492 .7362 .7382 .7315

.6870 .6890 .7105 .6973 .6993 .6924

.6510 .6531 .6741 .6619 .6636 .6568

.6288 .6303 .6235 .6256 .6519

.5589 .5808 .5693 .5708 .5639 .5607

.5427 .5439 .5374 .5399 .5452

.5189

1

.4943 .4954 .4902 .4920
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WAVELENGTHS, LONG. See Dispersing Devices.

WEATHERING OF SOIL MINERALS

X-ray diffraction techniques can be used to

distinguish between minerals having different crj's-

tal structures. Thus, decomposition of less resistant

soil minerals and/or formation of more stable

minerals can be followed ciuahtatively and quan-

titatively. Moderate weathering effects maj' also

be studied by X-ray diffraction if they produce

changes in at least one dimension (i.e., c-dimen-

sion—swelling), or if the chemical composition is

altered in such a way as to significantly affect the

scattering of X-rays by the lattice and thus pro-

duce changes in intensities of reflections.

Applications of X-ray diffraction techniques to

the study of the influence of several factors on

weathering of minerals and soil formation ha\"c

been described recently."'^

Since the effects of weathering are enhanced by
an increase in surface area, considerable emphasis

will be given to weathering of clay-size mineral.-

in soils in the following discussion.

HistoricaL Hadding" was the first to rei)ort lli(^

application of X-ray diffraction to the analy.^is of

soil minerals. He showed that (|nartz was tlio pre-

dominant mineral in a loessial soil \v1hm(\'is nius-

covite was the major constituent in an ordcn iciaii

clay. He also demonstrated the particle size func-

tion in weathering by showing that quartz was the

predominant constituent in the coarse fraction of

a fire clay from Hogonas, Skane, while kaolinite

was the main constituent in the fine fraction of

this fire clay. Rinne^^ published diffraction data for

many minerals that occur in soils, including hy-

dragillite, goethite, quartz, nacrite, kaolinite, talc,

micas, chlorites, serpentine, and feldspars.

In 1925, Gile*^ reported that Dr. Ralph Wyckoff
had made X-ray diffraction patterns of soil colloids

from three very different soils and obtained pat-

terns which indicated the presence of crystalline

materials. In the early 1930's Hendricks and Fry®
and Kelley et al}- showed conclusively by X-ray
diffraction techniques that the main constituents

of many soils were indeed crystalline in nature.

These breakthroughs, together with the remark-
able insight of Pauhng'^' ''' into the structure of the

layer lattice sihcates, brought with breath-taking
speed a completely new picture of the soil colloid

and presented a general picture of structure and
properties which has been confirmed many times
since.

Intensity of Weathering Processes. The weath-
ering processes which affect soil minerals may be
grouped into two general intensity categories; (1)

those reactions in which mineral structures are

decomposed and the elements are lost by leaching

or new minerals are formed by resynthesis of the
constituent ions, and (2) processes which cause
superficial and shght external changes in the
structure of soil minerals, the lattice remaining
essentially intact.

Examples of (1) include the decomposition of

quartz and feldspars and ferromagnesian minerals

as well as the synthesis of cla}' minerals and min-

erals such as lepidocrocite. The results of processes

in (2) maj' be best illustrated by reference to the

weathering of micas to produce vermiculite or

montmorillonite, the changes being Hmited to a

decrease in charge and the amount of interlayer po-

tassium.

Layer-Lattice Silicates. On the basis of X-ray

diffraction studies of mineral species present in the

colloidal fractions of soils and sediments, Jackson

et al}"' ^^ proposed a weathering sequence of clay-

size minerals in soils and sediments. The kinds and

amounts of minerals present determine the stage

of weathering for a particular soil horizon.

In a \'ery thorough study of weathering of pri-

mary rocks, Stephen-"' "^ has shown that the col-

loids of the soils derived from ultrabasic biotite

and hornblende-ricii rocks consist mainly of

chlorite-vermiculite (trioctahedral). With increase

in the feldspar content of the bedrock, the content

of dioctahcdral illite in the soil colloid increases

and is dominant in those derived from granite.

Careful studies of the clays in sedimentary rocks

and soils derived from sedimentary materials"'
"*

ha\(' shown Ihal clay minerals in many soils and
sedinu^nts ai(~ inherited from parent material or

source areas and ar(> not foi'med in place.

Brown'' has shown that i'enu)\-al of intcn'layer po-

tassium from mica should increase the intensity

of the 001 mica refh^-tion. Consideration of the

effect of the amount of interlayer scattering matter

in dioctahedral micas on the X-ray diffraction in-

tensities of (000 reflections indicates that the

(001)7(002) intensity ratio should be inversely re-

lated to the potassium content of the micas."*"' This

relationshii) has been experimentally verified by
artificialh" weathering muscovite with molten
lithium nitrate;^ increments of potassium were

then restored to the potassium-depleted mica to

produce a simulated weathering sec[uence.-' Ap-
plication of this relationship to data for soil micas

indicates that these minerals will expand when
the potassium content is reduced to one-half the

normal value (3 to 4 per cent potassium)."'^ Thus,

the (001)7(002) intensity ratio of mica may be

used to estimate the degree of weathering of the

mica component in soil clays.

One of the most impressive demonstrations of

the power of the X-ray diffraction technique in the

study of the weathering of soil minerals has been

the development of theories and techniciues for the

examination of mixed-layer or interstratified sys-

tems of expanded and nonexpanded layers which

result from the weathering of micaceous soil min-

erals.®' "• ^^ It is possible in many instances to de-

termine the kinds and proportion of layers in the

mixed-layer system as well as the nature of the

interstratification (i.e., random or regular).

The influence of pH on the weathering of mica-

ceous minerals has been clearly shown by X-ray
diffraction studies. Brown^ and Rich and Oben-
shain^^ described a 14A mineral which consisted of

mica layers with an aluminum interlayer. Klages
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and White" postulated the presence of positively

charged, partially hydrated aluminum hydroxide

between weathered mica layers. White et al'f

showed that with increasing soil acidity the resist-

ance of the 14A mineral to collapse on heating

increased ; as the amount of the complex aluminum

cations increased the properties of the mineral

shifted from that of a vermiculite toward a

vermiculite-chlorite intergrade.

Other Minerals. X-ray diffraction techniciues

were used extensively for the examination of soil

colloids during the period 1930-50. Whiteside''

was one of the first to suggest the use of X-ray

diffraction in the analysis of the coarser soil frac-

tions. He used a Debye-Scherrer camera and an in-

ternal standard technique to make quantitative

determinations of quartz, feldspar, dolomite and

calcite in silt fractions of loessial soils. Phillippe

and White" adapted the internal standard method
for the determination of quartz and feldspars in

silt and sand fractions of soils with the X-ray dif-

fractometer.

Caldwell and White* utihzed the differential

weathering of quartz and feldspars in the silt

fraction to estimate weathering of loessial soils by
means of the quartz/feldspar intensity ratio. Cann
and Whiteside'^ proposed the use of quartz as a

resistant reference mineral in assessing changes in

composition of various horizons in the soil profile.
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WEISSENBERG METHOD. See Diffraction of X-Rays:
Basic Apparatus and Techniques; Moving Film Dif-

fraction Methods.

ZINC 65 AS A GAMMA AND X-RAY EMITTER. See Auto- ZIRCONIUM ANALYSIS. See Absorption Edge Analysis;
radiography of Tissue. Magnesium Alloys.

ZINC SULFIDE STRUCTURES. See Phosphor Industry.
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Abnormalities, 331. See also Malformations.

ABO4, ABO3 compounds, 911; AB2O4 compounds,

1018

Absorbed dose 313, 1100, 1103, 1105

Absorptiometry (Absorption analysis)

gamma 1, 727, 984

K-capture 4, 537, 539

X-ray 1, 7, 8, 103, 110, 149, 213, 248, 537, 741, 795,

896, 1045, 1066

Absorption, 768, 962. See also Attenuation,

coefficients, 3, 9, 70, 149, 769, 903, 1072

diffraction method, 812

edge fine structure, 118, 137

edge spectra, 6, 18, 150, 896, 1110, 1124

factor, 530, 1033

mechanism, 768, 984

Accelerators, 20, 92, 419, 1113

Acids, straight-chain fatty, structures, 23, 665, 906

Actinide elements analysis, 1108

Activation analysis, neutron, 643, 648

Activators, phosphor, 757

Additives, in oils, 742, 1066

Adhesive layers, 30

AET (amino ethyl thiuronium bromide -HBr),

855

Alcohols,

radiolysis, 906, 1121

structures, 664

Aldehydes, structures, 664

Alite, 811

Alkali halides, irradiated, 987

Alkaloids, structures, 32

Alkyl halides, structures, 665

Alkyl pyridines, structures, 665

Alloys,

Ag-Hg, 53

Ag-Zn, 735

Cu-Au, 41, 1038

Cu-Te, 957

Cu-Zr, 958

High temperature, 982

Mg, 564

spectrometric analysis, 50, 63, 982

ThXo
,
Th-Pb, 1052

U-Pb, 1052

Alpha helix, 859, 862

Aluminas, catalytic, 122, 883

Aluminates, 808, 810

Aluminum cladding, 1047

Aluminum K-line yield, 541

Amalgams, structures, 53

Americium, 1, 241, 1108

Amines, structures, 665

Amino acids, radiochemistry, 54, 407, 1099, 1123

Ammonium perchlorate decomposition, 56

Amorphous solids, 60, 121, 124, 129, 177, 430, 730,

866, 881, 972

Amplification of pulses, 918

Amplitude function, 883

Anatase (TiOo), 1052

Anionic coordinated polymer, 119

Annealing of crystals, 987

Antibiotics, 62, 748

Antiferromagnetic oxides, 212

Antiknock compounds, 738, 1066

Antiphases, 45, 48, 1039

Apatite, structure, 107, 394, 763

Apparatus, scattering, 968, 971, 973, 975, 1008

Approximate methods, crystallographic, 490

Aromaticity, 67

Asphaltenes, 65

ASTM card index, 320

Asymmetric diffraction method, 242, 700, 711, 712,

724

Atomic scattering factor, /, 529, 881, 1039

Atomic size, 1005

Attenuation, 2, 69, 213, 388, 858, 874, 897, 962,

1022, 1045. See also Absorption.

Auger electrons, 85

Austenite, 71

Automated analysis, 105, 247

Automatic data reduction, 77

Autoradiography, 79, 894

Autrometer, 89, 564

Avogadro's number, 734

Azo dye dosimeter, 281

B

Back reflection focusing method, 243

Bacteremia, 937

Bacterial pyrogens, 852

Bacterial sterihzation, 1015

Balanced filter method, 246

Band theory of solids, 198, 757

Barbituric acid, 91, 320, 665

Barium carbonate in bricks, 322

Beds (fluidized, static), densitometry, 213

Belite, 811

Berg-Barrett diffraction microscopy, 1055

Bernal chart for rotation patterns, 945

Beryllium analysis, 648

Beryllium compounds, 91, 184, 648

Bessel function, 965

Beta-excited X-ray sources, 1014

Betatron, 92, 146, 419, 903, 1039, 1094

Bethe order parameter, 44

Bioelectric activitv, 641

Biological damage, 94, 326, 331, 337, 340, 343, 407,

408, 443, 574, 888, 892

Biological effects of radiation, 572, 575, 631, 634,

891, 929, 937, 1043, 1098

Biology,

fluorescence spectrometry in, 96, 98

micro 607

Biplane spectrometer, 349

Blood analysis, 96, 98

Blood volume bv tracer, 1074

1141
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Bond lengths, 100

Bond peak method, 713, 719

Bone mineral, 1,3, 103, 106

Borax disk samples, 956

Borrmann effect, 775, 1055, 1059

Bragg-Gray cavitation principle, 292, 314, 1101,

1104

Bragg law, 697, 1039

Bremsstrahlung, 151, 413, 846, 1102, 1013, 1040

Briquetted drilling samples, 957

Buerger precession method, 634, 629

Building materials, 108

Burgers vectors, 1059

Cadmium sulfide photovoltaic cell, 293

Calculi, urinary, 589

Calibration of scintillation crystals, 980

spectrometric, 1072

Cameras,
powder diffraction, 112, 242, 264, 602, 698, 702, 787

high temperature, 450, 465

pinhole, 1002

Cancer, 910

Carbides, 598

Carbohydrates, radiochemistry, 407, 793

Carbon black, 442, 948

Carbon dioxide, radiochemistry, 916

Carbon-hydrogen analysis, 113, 739

Carbon K-line yield, 541

Carboxylation, 916

Carboxylic acids, 23, 615, 906

Catalysts, 115, 120, 337, 740, 744, 879, 883

Cathode ray tubes, 757

Cellulose structures, 122, 357, 865

Centroid method, 480, 712, 720

Chain fold period, 782

Characteristic X-rays, 845, 1124-1135

Chelate compounds, 134

Chemical effects, on spectra, 118, 137, 1016

radiation. See Radiation chemistry.

Chemical elements (table), 389

Chloroform, radiochemistry, 140, 141, 280

Chloromycetin, 746

Christenson-Rowland 2-exposure method, 1029

Chromosome aberrations, 893

Cineradiography, 142, 208, 398, 940, 1097

Circuits, electrical, 146, 421

Cladding, fuel element, 1045

Coating thickness, 149, 150, 868

Coincidence counting, 981

Coke structure, 442

Cold work effects, 48, 318, 382, 731

Collagen, 860, 970

Colloidal systems: scattering, 972

Color centers, 200

Color radiography, 156, 157

Compton effect, 69, 769, 858, 903, 962, 991

Computers,
digital, 77, 159, 161, 170, 174, 183, 187

optical analog, 163, 171, 183

programs, 172

Concretions, 178, 589

Condenser r-meter, 1100

Coning, 901

Contrast media, 595

Convolution, film method, 713

integrals, 399, 976

Copper refinery analyses, 1011

Corrections, diffraction, 721, 722, 723, 977

Corrosion films, 384, 869, 879

Critical phenomena study by scattering, 970

Crosslinking, polymer, 770, 904

Crystal,

analysis (50-year history), 372

growth, 173, 'l80

habit, 179, 1001

structure factor, F, 171, 181, 445, 529, 752

structure synthesis, 181, 1080

svstems, 696

Crvstallinitv, 30, 363

polvmer, 780, 783, 866, 880

Crvstallite size, shape, 67, 117, 184, 191, 442, 553,

780

Curium analysis, 1108

Cyclohexane radiolysis, 905, 917

Cysteine, as protectant, 55, 855

Damage, Ijiological. Sec Biological damage.
radiation, 49, 872, 984

Debye-Scherrer-Hull method, 242

Debve temperature, 978, 980

Defects, lattice, 195, 728, 733, 997, 1051

Deformation, high velocity, 203

Degradation, polymer, 300, 308, 770

DeJong-Bouman method, 243

Densitometr}', X-ray, 6, 103, 213

Density, crystal, 734, 998

Dental amalgam, 53

Dental fluoridation, 394

Dental roentgenography (radiography), 221, 222

Detectors, radiation, l", 63, 225, 228,^245, 989

Diagnostic X-rav equipment, 1091

Diamond, 230, 234, 735, 1061

Differential thermal analysis, 57

Diffraction, analvsis, 32, 71, 91, 100, 109

134, 159, 178, 242, 321, 322, 345,

112, 121,

353, 440,

810, 994,450, 544, 728, 746, 747, 754, 758, 79

997, 1004, 1049

film measurement, 725

image intensification, 518

small angle, 965, 974

tubes, 1096

Diffractometry, diffractometers, 244, 247, 270,

450, 455, 467, 719, 720, 878, 881, 1029

Diffusion, 49, 248, 253, 844, 887

Diodes. See Semiconductors.

Diopside structure, 492

Discrimination, 255, 891

Dislocations, 197, 258, 999, 1058

Disorder, lattice, 269, 439

Displacements, atomic, 47, 984

Dispersing devices for spectra, 269

Distortion, lattice, 47, 212, 691, 693, 1059

DNA (deoxyribonucleic acid), 222, 632, 872, 894,

907

''Donut" tube, 1094
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Dose,
absorbed, 313, 1100, 1103, 1105

erythema, 908

exposure, 1100, 1102, 1105

maximum permissible (MPD), 447, 901

ratemeter, 246, 272, 1100

Sievert, 1108

Dosimeters and dosimetry. See also Gauges, 412.

benzene-water, 297

calorimetric, 293, 1100

chemical, 290, 300, 1101, 1118

chloral hydrate, 299

chlorinated hydrocarbons, 297. See also Chloro-

form.

energy independent, 290

ferrous sulfate (Fricke), 290, 294, 1118

gamma, comparison, 291

gamma, recoil, 304

glass block, silver-activated, 277, 303

methylene blue, 297, 302

MylaV film, 305

nitrous oxide, 301

phantom, solid, 279

photographic, 307

plastic scintillation, 300, 308

polymer degradation, 300, 308, 904

radiation in Hiroshima and Nagasaki, 311

radiation and units, 313, 1100, 1102

radium, 1103

recent developments, 274, 1106

tetrazolium salts, 275

thermoluminescence, 316

Double Bragg reflections, 317, 318, 352

Doublets, Ka, 482

Drugs, 320, 746, 747. See also Pharmaceuticals.

Dual channel spectrometer, 1067, 1072

Dynamical diffraction theory, 1059

Edge dislocations, 1060

Effective kilovoltage, 874

Effective wavelength, 874

Efflorescence in brick, 322

Electrodeposit structure, 324

Electron density contours, 101, 168, 171, 181, 648

Electron, hydrated, 887, 1117

Electron microradiography, 607

Electron microscopy, 604

Electron probe microanalyzer. See Probe.

Electron spin resonance, 58, 887

Electron transfer, 325

Electronic equipment for trace analysis, 1068

Electroretinogram, 326

Embryo sensitivity, 331, 893

Emission from X-ray tubes, 333, 541

Emulsions, radiosensitive, 83

Energies, lines and edges, 334

Energy deposition, radiation, 884

fluence, 1107

levels in semiconductors, 987

Enzymes, 119, 337, 340, 343, 408, 574, 893

Equalities, 751

Equipment, commercial, 345, 349

Errors,

in parameters, 701, 710

in radial distribution, 883

Erythema, 907

Ethylene, radiochemistry, 917

Eve's number, 1103

Excitation potentials, 1124

Excitons, 198

Exponential attenuation grid, 1069

Exposure, radiation, 901, 1107

Extinctions, 924

Extrapolation film method, 711

f (atomic structure factor), 529, 1007

F (crystal structure factor), 171, 181, 445, 529, 752,

979

Fallout, radiation, 910, 990

Faltungsintegrals, 399, 965

Fatigue in metals, 351

F -centers, 200, 987, 1000

Feather keratin, 863

Ferrites, 808, 810, 1021

Ferrocenes, 352 ,

Fexitron X-ray tubes, 1097

Fiber diagrams, 356, 920, 970

small-angle scattering, 965

Fibrillar structures, 365

Field emission tubes, 142, 1012, 1096, 1097

Fillers, paper, 868

Films,

depth in spectrometry, 373, 533

diffraction effects, 381

gamma spectrometry, 385

orientation in, 666, 674

photographic, 227, 245, 307, 375

Filters for energy selection, 387, 874, 901

Fine chemicals, 746

structure, absorption edge, 118, 137

Fischer-Tropsch catalysts, 116, 121

Flash technique, 208, 1012, 1095, 1097

Flavor changes, irradiation, 409

Fluorescence spectrometrv, 50, 63, 89, 96, 107, 116,

152, 244, 255, 345, 373, 392, 410, 423, 427, 444,

564, 653, 657, 679, 739, 740, 746, 748, 869, 889,

913, 938, 956, 957, 958, 960, 982, 1010, 1016,

1041, 1045, 1063, 1064, 1067, 1071, 1107, 1108,

1110

tubes, 1096

Fluorescent lamps, 757

Fluorescent radiation, 18

Fluoridation of dental enamel, 394

Fluoroapatite, 763

Fluoroscopic screens, 503

Fluoroscopy, industrial, 395, 398, 503, 1096

Flying-spot intensifier, 511

Focal spot control, 1087, 1092

Focusing, electrostatic, 1087

Fold integrals, 168, 399, 693

Food preservation, 406

Fossils, radiography, 684

Fourier series inversion, 881, 968

synthesis, 100, 181, 405

transform, 690, 1036
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Free radicals, 140, 873, 881, 886, 887, 906, 916, 1101,

1115, 1117

Frenkel defects, 195, 997

Fringe micelles, 780

Fuel elements, nuclear, 1045

Furnaces, diffractometer, 455, 462

G (radiochemical unit), 55, 140, 290, 769, 873, 888,

916, 1118; ry, 1119

GaAs cells, 989, 1005

Gallstones, 178, 588
Gamma sources, 1013

spectra, 161, 385, 410, 655, 918, 980, 991

Gas composition gauge, 415

Gas density gauge, 413

Gas excitation, ionization, 885, 1104

Gases, radiochemistry, 885

Gasoline analysis, 410, 738, 1066

Geiger counters, 63, 226, 228, 245, 760

Gem stone dislocations, 1062

Generation of X-rays, 417

Generators, X-ray, 20, 92, 146, 147, 148, 418, 419,

421, 903, 1113

Genetic radiation effects, 446, 575, 631, 634, 767,

888, 893, 1099

Geochronometry, 423

Germanium semiconductor, 984

Ghost reflections, 426

Glass,

spectrometric analysis, 427

structure, 430,
887"^

Goniometers, 436, 437, 743, 778

Goppel camera, 787

Grafting, polymer, 771

Graphite and graphitic carbons, 439

Grenz rays, 1093

Grid-controlled tubes, 1093

Grids for radiotherapy, 901

Guinier method. See Scattering, small angle.

Gyration, radius of, 966, 973, 975

H

Halides, organic, 906
Hall coefficient, 984

Halogens,
in petroleum, 738, 745

structure, bonding, 444

Halophosphates in phosphors, 757

Harmonic effects in trace spectrometry, 1069

Hazards of radiation, 445, 889, 1044

Helical structure of proteins, 359

Hemoglobin structure, 638

Heavy atom method, 753

High temperature diffractometry, 450, 454, 461, 580
Hiroshima radiation survey, 94

Historadiography, 567, 595

Historical milestones, 471, 1102

Hoseman Q function, 401, 688, 968
HVL (half-value layer), 854, 857, 874

Hybrid spontaneous tumorization, 1099

Hydrocarbons, radiolysis, 906

Hydrogen peroxide, 1117

Hydroperoxyl radical, 1117

Hydroxyapatite, 590

Hydroxyl radical, 887 111-

Ice, 887

Identification, diffraction. See Diffraction analysis.

Image converter tube, 476, 506

Image intensification. See Intensification of

images.

Imperfect crystals, 479, 998

Impurities in crystals, 197, 998

Inactivation,

of enzymes. See Enzymes.
of viruses. See Viruses.

Incisor as protection test, 484

Indexing diffraction patterns, 926, 944

Indices, planar, 696, 920

Inequalities, 751

Information theory, 484, 489, 492, 495, 502

Infrared absorption spectra, 1020

Integraph, Fourier, 167

Intensification of images, 396, 398, 476, 506, 510,

513, 518, 523, 527, 902

Intensifying panels, 527

Intensities,

diffraction, 72, 77, 528, 812, 814, 875, 877, 977

spectometric, 622

Interelement (matrix) effects, 133, 531, 583, 959

Interhalogen compounds, 444

Internal standards for spectrometry, 1010, 1063,

1072, 1107, 1110, nil
Interstitials, 687, 736, 986

Iodine attenuation analysis, 896

tracer analysis (I'^^), 1073

Ion exchange in spectrometry, 536, 889, 1063, 1112

Ion pair, 885

Ionic crystals, 195, 887

Ionic radii, 911

Ionization,

chamber, 225, 245, 292, 1101

by radiation, 864, 884, 891, 1104, 1117

Iron in oils, 729, 744, 1071

Iron and steel microradiography, 618

Iron 55 radionuclide, 537, 539

Isomorphous materials identification, 954

Isomorphous replacement method, 753

Isotopes, radioactive. See Radioisotopes.

Isotopic dilution technique, 423

Isotopic exchange, 325

J

Japanese radiation surveys. See Hiroshima,

Nagasaki.

K

Kaolin minerals, 544, 546

K-capture absorptiometry, 4, 537, 539, 1014

Keratin structures, 859

Kinetics,

phase transformation, 48

recrystallization, 316

Kirkpatrick microscope, 608, 657

K-line quantum yields, 541

KMEF proteins, 860
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K-satellites, 1134

K-series lines, 1016,

kX unit, 710

1126

Labeling, isotopic, 573

Laminography, 543, 1009

Lang topographic techniques, 197, 258, 1053, 1058

Lasers, 757

Lattice parameters. See Parameters, lattice.

Laue diffraction discovery, 372

Laue method, 242

Laue patterns, 679

Laves phases, 599

Layer-lattice silicates, 544, 546, 1136

Layer minerals, mixed, 550, 1136

LD50 dose, 929, 932

Lead fluoride diffraction analysis, 160

Lepidolite in geochronometry, 425

Lethal dose, 331, 557

Leukemia, radiation-induced, 94

LiF crystal dislocations, 1062

Life shortening by radiation, 933, 935

Likelihood ratio method (LRM), 714

Linac, 20, 903

Linear energy transfer (LET), 555, 905, 934, 1101,

1119

Line breadths, 117, 184, 551, 554, 687, 728, 878

Lipids,

protective effects, 587

radiochemistry, 407, 560

Lipoproteins, radiochemistry, 560

Liquid crystals, 686

Liquids,

densitometry, 561

radiochemistry, 886

scattering by, 29, 430, 970, 1035

Local order, 1005

Long-chain compounds, 23, 352, 665, 906

Long crystal spacings, 26, 269, 861, 867, 1083

Long-range order, 44, 1039

Lorentz factor, 529, 1033

Low-exposure radiography, 900

Low temperature diffractometry, 212

L-series lines, 1016, 1128

Lubricating oil additives, 742

M
Macrofibrils, 367

Madelung potential, 1019

Magnesium alloys, 564

Magnesium analysis, 939

Magnetic flux effect on dislocations, 258

Magnified images, 567, 595, 1054

Maize seeds, irradiated, 572

Malformations, 575

Management of analytical function, 579

Martensite, 580

Mask collimator, 266

Mass spectrometry, 425, 885

Matrix effect, 133, 531, 583, 729, 839, 1067, 1111

Medicine,
fluorescence spectrometry in, 98

diffraction in, 588

Mercaptans as protectants, 858

Mesomorphic state, 65, 368, 686

Metallurgy, X-ray, 590, 592

Metals, minor constituents in, 597, 648

Methods, X-ray (chart), 593

Micas, 546, 1136

Micelles, 130, 780

Microanalyzer, electron probe. 8ee Probe.

Microangiography, 595

Microannealing, 258

Microbeam analysis. See Probe, electron, inter-

mediate.

Microconstituents, 592

Micro-extender, 950

Microdiftraction, 600, 792, 1042

Microfibrils, 367

Microradiography, 4, 110, 567, 595, 604, 606, 607,

610, 618, 947

Microscopy, 608, 846

Microwave accelerator, 20

Mineralization, 3, 106

Minor constituents, 597, 648

Mitochondria, 893

Mixed-valence oxides, 681

Mixtures, ,

'

analysis, 877

structures, 27

Monitoring radiation, 621, 918

Montmorillonite, 546

Monochromatic X-rays, 896

Monochromators, 834, 1068

Monte Carlo method, 981

Mortality peaks, 587

Morning glory mutations, 634

Mosaic block sizes, 622 :,.

Mosaic crystals, 528, 1061

Motif, 496

Moving film methods, 624 ^ ,

M-series lines, 1018, 1132

Multiphase structure, 130

Multiplicity factor, 530

Multiplier phototubes, 919

Muscovite, 546, 1136

Mutations, 631, 634, 888, 1099

Mylar film, 305, 616

Myoglobin structure, 638

N

Nagasaki, radiation survey, 94

Nematic state, 368, 686

Neptunium analysis, 1108

Nerves, 641

Neutron activation analysis, 643, 648

Neutron sources, 647

Nickel in oils, 729, 744, 1066, 1067, 1071

Nickel-tungsten sulfide catalysts, 121

Niobium analj^sis, 960

Nobel Prize (Kendrew-Perutz), 638

Nondispersive fluorescence spectrometry, 653, 1047

Nonstoichiometric oxides, etc., 681, 733, 1051

N-series lines, 1033

Nuclear decay schemes, 655

Nucleic acid metabolism, 894
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On-stream fluorescence analysis, 657, 959

Optical analog transforms, 694, 1076

Optics,

electron, 840

light, 840

total reflection, 608, 657, 1003

X-ray, 457, 834, 840

Order-disorder transformations, 213, 1018, 1038

Order parameters, 44

Ordered structures, 42, 1038

Ores and minerals, assays, 958

Organic compounds,
characterization, 663

dispersing devices, 269

information theory for, 492

radiolysis, 905, 1121

reactions with CO2, 916

Organisms, comparative sensitivity, 907

Organs, human, sensitivity, 907

Orientation,

crystal, 318, 1000

films, 666, 674

molecular, 26, 1082

random, 953

single crystal, 676

Oscillating crystal method, 243, 920, 943

Ovary, insect, sensitivity, 888

Oxides,

mixture analysis, 679, 1005

nonstoichiometric, 681

Packing, molecular, in lattices, 1082

Pair production, 69, 874

Paleontology, 684, 940

Panels, intensifying, 527

Paper, orientation in, 674

Paracrystalline layer structure, 368

Paracrystals, 168, 365, 686

Parameters, lattice, 176, 479, 599, 696, 700, 709,

1000, 1021

Particle size, 67, 372, 727, 748. See also crystallite

size.

Particles, small, diffraction by, 728

Pattern recognition, 495

Patterson function, projection, svnthesis, 168,

183, 359, 402, 498, 500, 688, 750

Pb304 (minium) structure, 921

Penetrameters, 396, 399

Penumbra, 942

Perfection of crystals, 733

Perovskite structure, 912

Petroleum product analysis, 65, 115, 410, 537, 539,

738, 740, 1064, 1071

Phantoms, 279, 1104

Pharmaceuticals, 746, 747

Phase diagrams, 42, 53

Phase, non-metallic, 754

Phase problem, 173, 183, 749, 1076

Phenanthrene derivatives, as protectant, 855

Phosphates, 860

Phosphenes, 758

Phosphors, 756, 918, 980

Photodecomposition of AgBr, 999

Photoelectric effect, 69, 884

Photographic film. See Film, photographic.

Photoh'sis of water, 1117

Photomicrographs, 56

Photomultiplier tubes, 919, 1023

Photosommateur, 765

Phototimers, 902

Pigments in rubber, 947

Plants, irradiation, 766, 891

Plastics, irradiation, 768

Plating thickness, 722

Platinum in reforming catalysts, 744

Pleated sheet structure, 863

Plutonium analysis, 3, 79, 1108

P-n junctions, 272, 985, 989

Polarization, factor, 529, 1033

X-rays, 774

Pole figures, 205, 776

Polyethylene,

as model, 370, 781, 887

characterization, 779

radiochemistr}', 759

terejihthalate, 666

Poly (K acetate), 904

Polymer films, 666, 674

Polymer irradiation, 768, 904

Polvmerization, radiation, 792, 793, 906

Polymorphism, 25, 122, 440, 865, 879, 1033, 1081

Porosity measurement, 795

Porphyrins, 797

Portland cement,

crystallography, 800

spectrometry, 133

Powder diffraction. See Diffraction analysis.

Power plants. See Circuits, Generators, X-ray.

Precession (Buerger) method, 624, 629

Precision and accuracy, 700, 709, 1005

Preferred orientation,^ 177, 203, 361, 591, 777, 781,

789, 866

Print -out emulsions, 307

Probe, electron microanalyzer, 817, 818, 822, 824,

830, 840

intermediate X-ray, 834

Process control, 959

Profile, diffraction, 712, 1029

Projection microscop^^ 608, 846

Proportional counters, 226, 230, 245, 1065

Protectants, chemical, 851, 855

Protection,

against radiation, 484, 557, 851, 852, 853, 854,

855, 990

factor, 993

sacrificial, 886

survey, 854

use of RBE, 936

Protective enclosure, 857

Protective shielding. See Shielding.

Protective tube housing, 1091

Proteins,

fiber structures, 859

inactivation, 864

radiochemistry, 54, 343

radius of gyration for, 974

Pulp and paper, X-ray applications, 865
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Pulse height analysis, 65, 206, 891, 918, 1065

Pulsed power system, 1012, 1098

Purine nucleosides, irradiation, 871

Purity, tests for, 746, 747, 954

Q

Q function, 401, 688, 968

Quality control, 746, 747

Quality, X-ray, 874

Quantitative absorption analysis, 896

Quantitative diffraction analysis, 545, 875, 877,

1004

Quantitative microanalysis. See Probe, electron

microanalyzer.

Quantitative spectrometric analysis. See Fluores-

cence spectrometry.

Quantometer, 394

Rad, 314, 936, 991, 1100, 1106

Radial distribution analysis, 61, 177, 357, 881, 967

Radiation biology. See Biological damage, Genetic

effects. Mutations.

Radiation chemistry, radiochemistry, radiolysis,

275, 290, 297, 300, 871, 872, 888, 904, 905,

1108, 1119

Radiation protection. See Protection against

radiation.

Radioactivation analysis. See Neutron activation

analysis.

Radioactive materials analysis, 889

Radiobotany, 891, 1098

Radiodermatitis, 909

Radiography, roentgenography, 30, 156, 157, 208,

221, 543, 561, 684, 899, 900, 902, 940

medical, 874, 942, 1009, 1091

monochromatic, 896

Radioisotope, radionuclide, 79, 80, 387, 412, 868,

899, 1044, 1073

Radioisotope X-ray sources, 150, 155, 387, 415, 420

Radiosensitivity, 331, 888, 892, 907, 937, 984, 1043,

1115

Radiotherapy, rotatory conformation, 910

Radius ratio correlation, 911, 1051

Rare earths spectrometry, 564, 913

Rating charts for X-ray tubes, 1093

Rayleigh scatter gauge, 412

Reaction rates, 325

Reactions of COo , 916

Reactor fuel element loading, 918

Reciprocal lattice, 480, 920, 943, 1077

Reciprocity law, 877

Recovery from radiation, 448, 888, 929, 931

Recrystallization, 952

Reflectance spectra, 1020

Relative biological effectiveness I'RBE), 315, 934

Rem, 316, 834, 936, 1105

Rep, 1105

Resins, ion-exchange, 1063

Resolving power of X-rays, 567, 595

Resonance transformer, 417, 419

Reticulo-endothelial system (RES), 937

Retinal response, 326, 758

Ribonuclease structure, 500, 574

Ribonucleic acid, RNA, 894

Rock radiography, 940

Rock spectrometry, 938

Roentgen, r unit, 315, 991, 1100, 1102

Rotating-target tubes, 1092

Rotation method, 243, 943

Rotation patterns, 232, 707, 920

Rubber microradiography, 947

Rutile structure, 911, 1052

Salicylic acid structure, 921

Salts, :

aromatic acids, 269

fatty acids, 269

Samples,
diffraction, 724

micro, 954

mounting, 457, 466, 953, 955

preparation for diffraction, 952

preparation for spectrometry, 983, 1016, 1107

1109

borax disk, 956

briquetted drillings, 957

ores and minerals, 958, 1111

potassium pyrosulfate fusion, 960

sensitive (unstable), 954

Sauter method, 243

Scale factor, 530

Scaling circuit, 246

Scanning disk intensifier, 510

Scattering,

carbon-hydrogen determination, 113, 739

coherent, 958, 962, 1010

compensative technique, 738, 1072

Compton, 69, 962, 992, 1008, 1048

fatigue of metals, 351

interferences in spectrometry, 962

local order, 1005

small angle, 965, 970, 972, 974, 977

thermal diffuse, 977, 980, 1008

thermal motion effects, 979

Scherrer equation, 184, 192

Schiebold method, 243

Schottky defects, 195, 997

Schulz method, 678, 1055

Scintillation counters, 63, 226, 228, 246, 410, 918

Scintillation crystals, 980

Screw dislocations, 1060

Secondary targets, 18

Segregated elements analysis, 982

Semiconductors, 984

Sensitivity, radiation. See Radiosensitivity.

Serum spectrometry, 98

Shells, structure, 178

Shielding, 889, 901, 990

Short-range order, 46, 1019

Sieves, molecular, 882, 994

Sigma phase, 599

Silica gel, 882

Silicates, 546, 800

Silicon semiconductor, 984

Silicon solar cell, 293, 989
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Silver halides, 997

Single crystal analysis, 172, 748, 920, 1034

Single crystal orienter, 668, 676

Skin radiosensitivity, 907

Slag analysis, 961

Smectic state, 368, 686

Soap crystals, 269

Sodalite structure, 996

Sodium spectrometric analysis, 939

Soil mineral colloids, 1136

Solar cells, 989

Solar X-rays, 1002

Solid dielectrics, 304

Solid phantom dosimeter, 279

Solid solutions, 1000, 1004, 1005

Solid state physics, 887, 1053

Solid state reactions, 756

Solidography, 1009

Solids,

nature of, 887

radiochemistry, 887

Solutions,

radiochemistry, 1117

spectrometry ,"^50, 63, 679, 1010, 1107, 1111

Sources,

neutron, 647

pulsed high intensity, 1012

radioisotope X-ray, 150, 155, 387, 415, 420, 1013

Soybean seed irradiation, 1015

Space group determination, 928

Specimen, effects in spectrometry, 373

Spectral information, radiographic, 896

Spectral 2-lOA lines, analytical applications, 1016

Spectrometry. See Fluorescence spectrometry;

Gamma spectrometry; Radioisotope X-ray
sources.

Spherulites, 792

Spinels, 1018

Stacking faults, 554

Statistics,

counting, 1067

particle size, 727

Steam voids, 1022

Steel analysis, 51, 63, 597, 1107

Steel cladding, 1048

Stereographic projection, 676

Stereoscopy, 596, 902, 940

Sterilization, radiation.

Strain broadening, 584

Strain crystal, 193, 554, 592

Strain gauges, 1028

Straumanis asymmetric method, 242, 700, 711,

712, 724
"

Stresses in steel, 1027

Subgrain structures and volumes, 351, 1062

Sulfur, structures, 1033

Sulfur in petroleum, 425, 738, 741, 1067, 1071

Summator, Fourier, 165, 765. See also Photosom-
mateur

.

Superstructures, 1018, 1038

Surge pulser, 144

Synchotron, 1039

Systems, crystallographic, 696

Target theory, 340, 1116

Teaching X-ray spectrometry, 1041

Techniques, industrial, interrelation, 1042

Teeth, radiation effects, 484, 1043

Television systems, 396, 398, 513, 897

Temperature control, 725

Temperature factor (Debye-Waller), 530, 687

Tensile strength, poh-mers, 771

Tetraethyl lead analysis, 1086

Tetrazolium salt dosimeter, 275

Therapy,
chemical, 557

marrow, 587

tubes, 1093

Thermal expansion, 28

Thermal motion effects, 979

Thermostat, 704

Thickness,

cladding, 704, 1045

gauging. 149, 150, 722, 868, 1097. See also Coating,

Plating.

Thiml)le chaml)er, 226, 1103

Thiol compounds as protectants, 855

Thorium allovs, structures, 1049

Thorium analysis, 8, 564, 651, 1063

Tin elect rodeposits, 324

Tissue, radiation technique, 673

Titanium analysis, 982

Titanium chloride complexes, 118

Titanium oxides, 733, 735, 879, 911, 948

in opacified enamel, 1052

Tooth mineral crystallography, 103, 106

Topography, diffraction (Lang et al.), 258, 1053,

1058

"

Trace analyses,

absorption, 1066

fluorescence emission, 1063, 1064, 1067, 1071

Tracer techniques, radioisotopic, 1073

Tracks of ionizing particles, 1118

Transformation of indices, 926

Transformers, 146, 418

Transforms (Fourier, Patterson etc.), 169, 181,

183, 402, 752, 968, 1076

Transistors, 984

Triglycerides, 1081

Triodes, 1087

Tubes, X-ray, 142, 417, 1012, 1087, 1090, 1097

Tumors in plants, 1098

Twinning, crystal, 1001

u

Unit cell dimensions, 925

Units of dosimetry, 313, 491, 1100, 1102

Uranium analysis, 1, 52, 410, 651, 918, 1045, 1064,

1107, 1108, 1110

Uranium lead alloys, 1052

Uroliths, 178

Vacancies in lattices, 681, 736, 986

Valence effect on spectra, 118, 137
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Vanadium in oils, 729, 744, 1066, 1071

Van Allen belt, 989

Van de Graaff generator, 147, 399, 419, 903, 1113

Vector-interaction formula, 752

Vegard's law, 918, 1004

Viruses, 1115

Vitamin B12 ,
134

Vitamins, radiochemistry, 408

Vitreous silicates, 977

Vitron glass model, 432

Void content, 782, 867, 977

Volume, unit cell, 733

w
W (energy/ion pair), 885, 1105

Water, radiochemistry, 887, 1117

Wavelengths
K&L, emission and absorption, 389, 1124

L, for actinides, 1108

INDEX

Weathering of soil minerals, 1136

Wedge photometer, 897

Weissenberg method, 243, 624

Wigner effect, 884

Wood structure, 867

Wool fibers, 859

X-Rac, 183

X-rays. See specific topics.

Zinc, 65, as radiation source, 85

Zinc oxide pigment, 947

Zinc sulfide phosphors, 763

Zirconium analysis, 17, 52, 563

Zirconium cladding, 1046
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